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Woldhuis RR, de Vries M, Timens W, van den Berge M,
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Am J Physiol Lung Cell Mol Physiol 319: L48–L60, 2020. First pub-
lished May 27, 2020; doi:10.1152/ajplung.00028.2020.—Chronic ob-
structive pulmonary disease (COPD) is associated with features of accel-
erated aging, including cellular senescence, DNA damage, oxidative
stress, and extracellular matrix (ECM) changes. We propose that these
features are particularly apparent in patients with severe, early-onset
(SEO)-COPD. Whether fibroblasts from COPD patients display features
of accelerated aging and whether this is also present in relatively young
SEO-COPD patients is unknown. Therefore, we aimed to determine
markers of aging in (SEO)-COPD-derived lung fibroblasts and investi-
gate the impact on ECM. Aging hallmarks and ECM markers were
analyzed in lung fibroblasts from SEO-COPD and older COPD patients
and compared with fibroblasts from matched non-COPD groups (n �
9–11 per group), both at normal culture conditions and upon Paraquat-
induced senescence. COPD-related differences in senescence and ECM
expression were validated in lung tissue. Higher levels of cellular senes-
cence, including senescence-associated �-galactosidase (SA-�-gal)-pos-
itive cells (19% for COPD vs. 13% for control) and p16 expression, DNA
damage (�-H2A.X-positive nuclei), and oxidative stress (MGST1) were
detected in COPD compared with control-derived fibroblasts. Most ef-
fects were also different in SEO-COPD, with SA-�-gal-positive cells
only being significant in SEO-COPD vs. matched controls. Lower
decorin expression in COPD-derived fibroblasts correlated with higher
p16 expression, and this association was confirmed in lung tissue.
Paraquat treatment induced cellular senescence along with clear changes
in ECM expression, including decorin. Fibroblasts from COPD patients,
including SEO-COPD, display higher levels of cellular senescence, DNA
damage, and oxidative stress. The association between cellular senes-
cence and ECM expression changes may suggest a link between accel-
erated aging and ECM dysregulation in COPD.

aging; COPD; ECM; SEO-COPD; senescence

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a progres-
sive inflammatory lung disease that causes severe respiratory

symptoms and a poor quality of life. COPD is characterized by
airway obstruction and chronic inflammatory processes in the
lungs that drives disturbed lung tissue remodeling, including
emphysema and chronic bronchitis (23). The pathogenesis of
COPD is largely unknown, and as a consequence current
treatment strategies mainly act at improving symptoms, with-
out reducing disease progression and mortality. Therefore,
novel insights into the pathogenesis of COPD are needed.

Several studies demonstrated features of lung aging in the
lungs of COPD patients (29, 30). Hence, COPD has been
postulated as a disease of accelerated lung aging (25, 31).
Aging is defined as the progressive decline of homeostasis,
resulting in increased risk of disease or death (29). Features of
lung aging including lung function decline, airspace enlarge-
ment, loss of elasticity, increased cellular senescence, genomic
instability, and mitochondrial dysfunction are observed in
COPD compared with matched healthy controls. All previous
studies on lung aging in COPD were mainly focused on lung
tissue changes in older COPD patients with mild-moderate
COPD (8). However, with respect to accelerated lung aging,
COPD patients who develop very severe COPD at an early age
[previously defined as age �53 yr (42)] are of particular
interest. These severe, early-onset (SEO)-COPD patients often
have progressive disease at an early age despite normal alpha-1
antitrypsin levels and relatively few pack-years of smoking
(42). Until now, only telomerase mutations and shorter telo-
meres were linked to SEO-COPD (43), but no further studies
have been done to investigate the role of accelerated aging in
SEO-COPD patients.

Lung extracellular matrix (ECM) dysregulation has been
described as one of the features of lung aging. ECM is
important for the function and structure of the lung and plays
a major role in tissue repair and remodeling (23, 39). Recently,
we showed clear differences in gene expression in lung tissue
associated with aging (16). Pathway analyses suggested that
age-related differences in ECM composition were more pro-
nounced in COPD patients compared with subjects without
COPD. Therefore, we propose that accelerated lung aging
contributes to the pathology of COPD by deregulating lung
tissue repair and remodeling. Fibroblasts are important struc-Correspondence: C.-A. Brandsma (e-mail: c.a.brandsma@umcg.nl).
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tural cells in the lung controlling ECM homeostasis and, as
such, have an essential function in lung repair and remodeling
(23, 39). Previous studies have demonstrated alterations in lung
fibroblast function and ECM production in patients with COPD
(3, 20, 26, 46, 50). In addition, higher levels of markers of
cellular senescence were detected in lung tissue and structural
lung cells, including lung fibroblasts from patients with COPD
(8, 13, 21, 33). However, it is unknown if lung fibroblasts from
SEO-COPD patients display an accelerated aging phenotype
and if this has functional consequences.

Therefore, in this study we aimed to assess markers of aging
in primary lung fibroblasts from SEO-COPD and older, mild-
moderate, COPD patients. We focused on SEO-COPD, be-
cause accelerated aging may especially play a role in these
patients. Moreover, the functional consequences of aging in
fibroblasts on ECM regulation were studied and validated in
lung tissue using the same patient groups.

METHODS

Subjects. Primary lung fibroblasts and peripheral lung tissue from
subjects undergoing lung transplantation or tumor resection surgery
were used. Resected lung tissue was isolated distal from the tumor and
was macroscopically and histologically normal. Primary parenchymal
lung fibroblasts were isolated as described before (35). The following
inclusion criteria were used:

1) SEO-COPD patients; forced expiratory volume in 1 s/forced
vital capacity (FEV1/FVC) � 70% and FEV1 �30%pred measured at
an age �53 yr [according to (42)] and with age �56 yr at time of lung
transplant surgery;

2) non-COPD control subjects (SEO-COPD-matched); FEV1/FVC
�70%, age �60 yr at time of surgery;

3) Older, mild-moderate, COPD patients; FEV1/FVC �70% and
FEV1 30–80%pred, age �65 yr at time of surgery;

4) non-COPD control subjects (older COPD-matched); FEV1/FVC
�70%, age �65 yr at time of surgery.

None of the COPD patients were alpha-1 antitrypsin deficient. To
get sufficient SEO-COPD-matched non-COPD control subjects, we
included subjects at an age �60 yr at the time of surgery, taking into
account the age-matching with the SEO-COPD group.

The study protocol was consistent with the Research Code of the
University Medical Centre Groningen and national ethical and pro-
fessional guidelines (“Code of conduct; Dutch federation of biomed-
ical scientific societies”; https://www.federa.org/). Lung fibroblasts
and lung tissues used in this study were derived from leftover lung
material after lung surgery and transplant procedures. This material
was not subject to the Medical Research Human Subjects Act in the
Netherlands, and, therefore, an ethics waiver was provided by the
Medical Ethical Committee of the University Medical Center Gro-
ningen. All samples and clinical information were deidentified before
experiments were performed.

Primary parenchymal lung fibroblast culture. The fibroblasts were
cultured as described before (35). At passage 5, 25,000 fibroblasts
were seeded in 12-well plates and after 2 days treated with or without
250 �M Paraquat dichloride hydrate (PQ) (Sigma-Aldrich, Zwijn-
drecht, the Netherlands) for 24 h to induce cellular senescence (11).
After 24 h, PQ was removed and cells were either harvested imme-
diately for flow cytometry or kept in culture for another 24 h (gene
expression analyses, �-H2A.X staining] or 4 days [gene expression
analyses, senescence-associated �-galactosidase (SA-�-gal) staining
and secreted proteins) (Supplemental Fig. S1; all supplemental data
are available online at https://doi.org/10.6084/m9.figshare.11661192).
These time-points were carefully chosen based on pilot study results.

SA-�-gal staining. Cellular senescence was assessed with standard
SA-�-gal staining as described before (18). Fibroblasts were fixed

with 2% formaldehyde � 0.2% glutaraldehyde in PBS for 5 min.
After fixation, cells were incubated with the described staining solu-
tion for 16 h (in a dry incubator) at 37°C. After incubation, the
staining solution was washed away and cells were covered with 70%
glycerol in PBS for storage. Four random images of every well with
cells were taken with a Nikon camera on a Leica light microscope at
a total magnification of 	200. SA-�-gal-positive cells and total cells
were scored blindly to calculate the percentage of SA-�-gal-positive
cells.

Immunofluorescence �-H2A.X staining. DNA damage was assessed
using immunofluorescence staining for the DNA damage marker
�-H2A.X. Fibroblasts were cultured on a 16 mm circle glass coverslip
(Fisher Scientific, Landsmeer, the Netherlands), and as positive con-
trol for the staining, fibroblasts were treated with 500 �M H2O2 for
4 h. Twenty-four hours after PQ removal, fibroblasts were fixed with
ice-cold 80% acetone in PBS for 10 min at 4°C. After fixation,
nonspecific binding was blocked with 5% BSA in PBS. Fibroblasts
were incubated with 2.5 �g/ml γ-H2A.X conjugated with Alexa Fluor
555 antibody (EMD Millipore, Amsterdam, the Netherlands) in the
dark for 1 h at room temperature (RT). After incubation, fibroblasts
were counterstained with DAPI for 5 min at RT and mounted on a
slide with VECTASHIELD Antifade Mounting Medium (Vector
Laboratories, Peterborough, UK). Four random images of every cov-
erslip with cells were taken using a Leica LMD6000 fluorescence
microscope at a total magnification of 	400. Positive nuclei and total
cells were scored blindly to calculate the percentage of �-H2A.X-
positive cells. Representative examples of the staining are shown in
Supplemental Fig. S2.

Analysis of reactive oxygen species. Levels of reactive oxygen
species (ROS) were determined by flow cytometry. Directly after 24
h of PQ treatment or untreated, fibroblasts were stained with 2.5
�g/ml chloromethyl derivative of 2’,7’-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA; DCF) (Invitrogen, Landsmeer, the Neth-
erlands) in PBS for 1 h in a 5% CO2 incubator at 37°C. After
incubation, fibroblasts were trypsinized and collected in tubes for flow
cytometry analyses on a BD LSR-II cytometer (BD Biosciences,
Vianen, the Netherlands). The geometric mean fluorescence intensity
(gMFI) of DCF in the live cell population was used.

Gene expression analyses. For multiple aging markers and ECM
genes (Supplemental Table S1) mRNA expression was measured
using quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR). RNA was harvested 24 h and 4 days after PQ removal in
TRIzol (Invitrogen), and total RNA was isolated according to manu-
facturer’s protocol. RNA of lung tissue was isolated using an RNeasy
Mini Kit (Qiagen, Venlo, the Netherlands). RNA concentrations were
measured using a Nanodrop 1000 Spectrophotometer (Thermo Scien-
tific). We used 400 ng of RNA for cDNA synthesis with random
primers and Superscript II (Invitrogen) according to manufacturer’s
protocol. For gene expression analysis, 5 ng of cDNA was used for
qRT-PCR with PowerUp SYBR Green Master Mix (Applied Biosys-
tems, Bleiswijk, the Netherlands) using a LightCycler 480 PCR
instrument (Roche, Woerden, the Netherlands). For ECM gene ex-
pression analyses, TaqMan gene expression assays (Applied Biosys-
tems) were used. 18S rRNA (18S) and RNA polymerase II (RP2) were
used as reference genes. Sequences of used primers are listed in
Supplemental Table S2, and TaqMan assay IDs are listed in Supple-
mental Table S3. Samples including a no template control as negative
control were run in triplicate and 2(
�Cp) was calculated for relative
mRNA expression levels.

Secreted protein analyses. Cell-free supernatants were harvested 4
days after PQ removal and stored in 
80°C before ELISA analysis.
Secreted IL-6, IL-8, and decorin levels were measured using Human
DuoSet ELISA (R&D Systems, Abingdon, UK). As the numbers of
cells were different at the end of culture between COPD and control-
derived fibroblasts, and between untreated and PQ-treated (Figs. 1C
and 4C), we corrected the secreted protein levels for cell numbers
counted at the end of culture.
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Statistical analyses. SPSS software was used for the statistical
analyses. Mann-Whitney U tests were used to test differences between
fibroblasts from COPD patients compared with controls. Upon sig-
nificant difference between COPD and control, subgroup analyses
were performed to test differences between SEO-COPD and older
COPD compared with their matched control groups, using Mann-
Whitney U tests. The effect of PQ treatment was analyzed using
paired analysis with Wilcoxon signed-rank tests. P � 0.05 was
considered statistically significant.

RESULTS

Patient characteristics. The characteristics of the 40 lung
fibroblast donors are shown in Table 1. The SEO-COPD and
older, mild-moderate, COPD groups were similar compared
with their matched control groups in terms of age, sex, pack-
years, and months of smoking cessation. The male/female ratio
was significantly different between the younger groups and
the older groups. All SEO-COPD patients suffered from
severe emphysema and had a FEV1%pred �30% before the
age of 53 yr.

Higher levels of cellular senescence in COPD-derived fibro-
blasts, including in SEO-COPD-derived fibroblasts. After 7
days of basal cell culture, the percentage of SA-�-gal-positive
cells in lung fibroblasts from COPD patients was significantly
higher compared with control subjects (Fig. 1, A and B).
Subgroup analyses showed a significant difference between
SEO-COPD and their matched controls and a trend between
older COPD and their matched controls. In line with higher
senescence, the total cell numbers at the end of culture were
lower in COPD-derived fibroblasts compared with control
subjects, which remained only significant between SEO-COPD
and their matched controls in the subgroup analyses (Fig. 1C).
Gene expression of the senescence marker p16 (CDKN2A) was
significantly higher in COPD-derived fibroblasts (Fig. 1D) and
a similar trend (P � 0.05) was observed for the senescence
marker p21 (CDKN1A) (Fig. 1E). The higher p16 expression
was only significant in fibroblasts from older COPD patients
compared with their matched control-derived fibroblasts. No
differences were observed in the secretion of IL-6 between the
groups (Fig. 1F), while lower secretion of IL-8 was observed
in fibroblast s COPD patients compared with controls (Fig.

1G). Levels of secreted cytokines were normalized to cell
numbers, but this did not have a big impact on the results
(uncorrected data are depicted in Supplemental Fig. S3).

Higher levels of DNA damage and oxidative stress in
COPD-derived fibroblasts, including in SEO-COPD-derived
fibroblasts. The percentage of �-H2A.X-positive cells (DNA
damage) was higher in lung fibroblasts from COPD patients
compared with control subjects (examples of staining in Sup-
plemental Fig. S2), which was only significant between SEO-
COPD and their matched controls in the subgroup analyses
(Fig. 2A).

Expression of the oxidative stress response gene microsomal
glutathione S-transferase 1 (MGST1) was higher in fibroblasts
from COPD patients compared with control subjects, which
was only significant comparing SEO-COPD to matched con-
trols (Fig. 2B). We observed no significant differences in ROS
levels between the groups (Fig. 2C). However, a positive
correlation was observed between ROS levels and �-H2A.X-
positive cells, and MGST1 gene expression (Fig. 2D).

No significant differences were observed between the groups
in genes involved in DNA repair (Ku70 and Ku80), nutrient
sensing (EIF4B and SHC1 gene expression), in mTOR activity
(p-S6K1 protein levels) nor in genes or proteins involved in
loss of proteostasis (FOXO3, SIRT1, and NRF2 gene expres-
sion and autophagy markers LC3-II and p62); see Supplemen-
tal Fig. S4.

Lower DCN gene expression in COPD-derived fibroblasts is
correlated with higher markers of cellular senescence and
lower lung function. To assess the impact of the accelerated
aging phenotype on lung fibroblast function, we measured gene
expression of ECM proteins and alpha smooth muscle actin
(ACTA2). Decorin (DCN) expression was lower in fibroblasts
from COPD patients compared with control subjects, both in
SEO-COPD and older COPD (Fig. 3A). No differences in gene
expression were observed for the other ECM genes nor ACTA2
(Supplemental Figs. S5 and S6). DCN expression was posi-
tively correlated with lung function parameters FEV1 and
FEV1/FVC (Fig. 3B), and negatively correlated with the cel-
lular senescence marker p16 (Fig. 3C). Similar trends for
negative correlation were observed for DCN and p21 (P �

Table 1. Subject characteristics of fibroblasts

Variable Control (SEO-COPD-matched) SEO-COPD P Value Control (older COPD-matched) Older, Mild-Moderate COPD P Value

n 9 10 10 11
Age, mean yr (range) 52 (42–59) 50 (44–55) 0.349 70 (65–81) 73 (66–81) 0.176
Men/women, n 1/8 2/8 0.556 8/2 10/1 0.500
Pack-years 32 (28–35) 26 (14–30) 0.673 43 (28–51) 49 (19–53) 0.823
Stop-months 84 (18–168) 78 (63–93) 0.677 186 (81–252) 66 (27–96) 0.421
non-COPD, n 9 10
COPD, n 10 11

GOLD 1
GOLD 2 7
GOLD 3 4
GOLD 4 10

FEV1%pred 87.0 (83.5–92.0) 16.5 (14.3–22.7) 0.000 90.7 (82.2–104.0) 66.7 (43.4–70.5) 0.000
FVC%pred 92.8 (84.6–101.0) 42.6 (37.9–68.1) 0.000 89.5 (76.7–107.5) 83.5 (79.7–98.8) 0.647
FEV1/FVC 75.9 (73.3–79.0) 27.6 (26.0–38.5) 0.000 72.1 (70.3–75.1) 50.0 (41.7–59.0) 0.000

Data are presented as medians with interquartile ranges (IQRs), unless otherwise stated. Significant differences between groups were tested using
Mann-Whitney U tests or unpaired t tests. P values are stated and in boldface when significantly different. Gold stage based on FEV1%pred. SEO-COPD, severe,
early-onset chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity, GOLD, Global Initiative for Chronic
Obstructive Lung Disease.
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Fig. 1. Higher levels of cellular senescence in chronic obstructive pulmonary disease (COPD)-derived fibroblasts. Examples of senescence-associated
�-galactosidase (SA-�-gal) staining of all 4 patient groups (A) and quantification of SA-�-gal-positive cells (B) and total cell numbers (C). Dot plots show mRNA
expression (24 h) of p16 (D) and p21 (E) and secretion of IL-6 (F) and IL-8 (G) in cell culture medium (corrected for cell number) of all 4 patient groups. Green,
severe, early-onset (SEO)-COPD-matched control; red, SEO-COPD; blue, older COPD-matched control; yellow, older, mild-moderate COPD. Lines represent
medians. Significant differences tested with Mann-Whitney U tests. *P value � 0.05 or P value is indicated.
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0.064) and SA-�-gal (P � 0.074) (Fig. 3C). To validate
differences in DCN gene expression, we measured the levels of
secreted decorin in the cell culture supernatants. A strong
significant positive correlation between DCN gene expression
and decorin protein secretion was found (Fig. 3E). While the
pattern was similar as observed for gene expression, no signif-
icant differences were observed for decorin protein secretion
between the groups (Fig. 3D).

Paraquat treatment induces cellular senescence in primary
lung fibroblasts. To induce cellular senescence in primary lung
fibroblasts (see Table 1), we used the herbicide Paraquat (PQ),
which causes oxidative stress (11). In occupational exposure,
PQ has been documented as risk factor for COPD (10, 45). PQ
treatment did not affect cell viability (data not shown). PQ
treatment resulted in a significant increase in cellular senes-
cence markers in primary lung fibroblasts, including increased
SA-�-gal-positive cells, lower cell numbers, increased p21
gene expression (24 h and 4 days after PQ removal), and IL-6
and IL-8 secretion in fibroblasts from all subject groups (Fig. 4,
A–G), whereas a small but significant decrease was observed
for p16 after 24 h of PQ removal (Fig. 4D). After 4 days, p16
expression was not different between PQ-treated and untreated,
while p21 expression remained significantly increased upon
PQ treatment (Supplemental Fig. S7). In addition to senescence
induction, PQ treatment induced DNA damage (�-H2A.X-
positive cells, see Supplemental Fig. S2 for example of stain-
ing) and ROS levels (Fig. 4, H and I) significantly, with only
a trend toward significance for SEO-COPD in �-H2A.X. None
of the effects of PQ treatment were significantly different
between COPD and control-derived fibroblasts.

Decreased DCN expression and protein secretion upon
senescence induction in lung fibroblasts. After PQ induced
senescence, DCN gene expression and protein secretion were

decreased 4 days after PQ removal (Fig. 5, A and B), which is
the time-point when SA-�-gal positivity is increased. At the
earlier time-point, 24 h after PQ removal, only a small decrease
in DCN expression was observed (Supplemental Fig. S8A).
Again, we found a clear correlation between DCN gene ex-
pression and protein secretion in untreated cells and in PQ-
treated cells as well (Fig. 5C).

PQ-induced senescence results in altered ECM gene expres-
sion in lung fibroblasts. PQ-induced senescence resulted in
striking changes in ECM gene expression and ACTA2 gene
expression 4 days after PQ removal. PQ-induced senescence
resulted in decreased expression of collagen, type I, alpha 1
(COL1A1), fibulin-5 (FBLN5), elastin (ELN), fibronectin
(FN1), ACTA2, and biglycan (BGN) and increased expression
of versican (VCAN) (Fig. 6). The decrease in COL1A1, FN1,
and BGN was only significant in control-derived fibroblasts, but
not in COPD-derived fibroblasts. VCAN expression upon PQ-
induced senescence was significantly higher in COPD-derived
fibroblasts compared with control-derived fibroblasts. After 24 h
of PQ removal, no or only small changes were found in ECM
gene expression (Supplemental Fig. S8). ELN expression was
increased after 24 h, opposite to decreased expression after 4 days.

COPD-derived fibroblasts respond differently to the induc-
tion of cellular senescence than control-derived fibroblasts.
Next, the response to senescence induction upon PQ treatment
was compared between COPD and control-derived fibroblasts.
PQ-induced senescence was associated with reduced gene
expression of Ku70 (XRCC6) in fibroblasts from SEO-COPD
patients and Ku80 (XRCC5) in fibroblasts from SEO-COPD
and older COPD patients, and SEO-COPD-matched control
subjects (Fig. 7, A and B). For Ku70, the response on PQ-
induced senescence was not different between the groups,
whereas Ku80 gene expression was more decreased in older

Fig. 2. Higher levels of DNA damage and oxidative stress in chronic obstructive pulmonary disease (COPD)-derived fibroblasts. Dot plots show percentage of
�-H2A.X-positive cells (A) MGST1 mRNA expression (24 h) (B) and ROS levels as 2=,7=-dichlorodihydrofluorescein diacetate (DCF) geometric mean
fluorescence intensity (gMFI) (C) of all 4 patient groups. Green, severe, early-onset (SEO)-COPD-matched control; red, SEO-COPD; blue, older COPD-matched
control; yellow, older, mild-moderate COPD. Lines represent medians. Significant differences tested with Mann-Whitney U tests. *P value � 0.05 or P value
is indicated. Dot plots show correlation between ROS levels and �-H2A.X-positive cells and MGST1 mRNA expression (24 h) (D). Significant differences tested
with Spearman’s rank tests. In the plots the Spearman rho and P value are indicated and boldfaced when significant.

L52 CELLULAR SENESCENCE AND ECM DYSREGULATION IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00028.2020 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.072) on July 16, 2020.



COPD-derived fibroblasts compared with their matched con-
trol subjects. Additionally, PQ-induced senescence caused
lower induction of oxidative stress response genes MGST1 and
FOXO3 in fibroblasts from COPD patients compared with
control subjects, including in fibroblasts from SEO-COPD
compared with their matched control subjects (Fig. 7, C and
D). Relative expression levels are shown in the online supple-
ment (Supplemental Fig. S9).

Patient characteristics of human lung tissue. To validate the
association between senescence and ECM gene expression ob-
served in fibroblasts, we used lung tissue from 59 donors using the
same group definitions. The characteristics of the 59 lung tissue
donors are depicted in Table 2. The SEO-COPD and their
matched control group, and the older mild-moderate COPD and
their matched control group were similar in terms of age, sex,
pack-years, and months of smoking cessation. The man/woman
ratio was significantly different between younger groups and older
groups. All SEO-COPD patients suffered from severe emphy-
sema and had a FEV1%pred �30% before the age of 53 yr.

Confirmation of the association between cellular senescence
and DCN gene expression in human lung tissue. Gene expres-
sion of the senescence marker p21, but not p16, was higher
in lung tissue from COPD patients (Fig. 8, A and B). In the
subgroup analyses this p21 difference was only significant
in lung tissue from SEO-COPD patients compared with their
matched control subjects (Fig. 8B). No significant differ-
ences were observed in DCN expression (Fig. 8C). In line
with our findings in fibroblasts, a negative correlation was
observed between DCN and p16 gene expression in lung
tissue (Fig. 8D).

DISCUSSION

In this study, we assessed the aging phenotype of lung
fibroblasts from COPD patients and the consequences on ECM
regulation, with a special focus on SEO-COPD. We observed
higher levels of cellular senescence, DNA damage, and mark-
ers of oxidative stress in lung fibroblasts from COPD patients

Fig. 3. Altered DCN expression in chronic obstructive pulmonary disease (COPD) fibroblasts is associated with senescence. Dot plot shows mRNA expression
(4 days) of DCN of all 4 patient groups (A). Green, severe, early-onset (SEO)-COPD-matched control; red, SEO-COPD; blue, older COPD-matched control;
yellow, older, mild-moderate COPD. Lines represent medians. Significant differences tested with Mann-Whitney U tests. *P value � 0.05. Dot plots show
correlation between DCN mRNA expression (4 days) and FEV1% predicted and FEV1/FVC (B), mRNA expression (24 h) of p16 and p21, and
senescence-associated �-galactosidase (SA-�-gal)-positive cells (C). Significant differences tested with Spearman’s rank tests. In the plots the Spearman rho and
P value are indicated and boldfaced when significant. Dot plot shows decorin protein secretion levels (corrected for cell number) of all 4 patient groups (D).
Green, SEO-COPD-matched control; red, SEO-COPD; blue, older COPD-matched control; yellow, older, mild-moderate COPD. Lines represent medians.
Significant differences tested with Mann-Whitney U tests. Dot plot shows correlation between DCN mRNA expression (4 days) and decorin protein secretion
(E). Significant difference tested with Spearman’s rank test. In the plot the Spearman rho and P value are indicated and boldfaced when significant.
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Fig. 4. Induction of cellular senescence in primary
lung fibroblasts. Examples of senescence-associated
�-galactosidase (SA-�-gal) staining of untreated
(basal) and paraquat dichloride hydrate-treated (PQ)
fibroblasts (A) and quantification of SA-�-gal-posi-
tive cells (B) and total cell numbers (C). Dot plots
show p16 (D) and p21 (E) mRNA expression (24 h),
secretion of IL-6 (F) and IL-8 (G) in cell culture
medium (corrected for cell number), �-H2A.X-pos-
itive cells (H), and ROS levels (I) of untreated
(basal) and PQ-treated (PQ) fibroblasts per sub-
group. Blue, basal; red, PQ. Significant differences
between untreated and PQ treated are tested with
Wilcoxon signed-rank tests and are indicated on top.
*P value � 0.05 or P value is indicated.
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compared with control subjects under normal cell culture
conditions. Interestingly, part of these effects was more pro-
nounced in SEO-COPD. With respect to ECM regulation, DCN
gene expression was lower in COPD compared with control-
derived fibroblasts, and lower DCN expression was correlated
with higher markers of cellular senescence. In addition, PQ-
induced senescence resulted in clear alterations in ECM gene
expression, including reduced DCN expression. Finally, we
validated the higher levels of cellular senescence and the
correlation between lower DCN expression and higher expres-
sion of the cellular senescence marker p16, in human lung
tissue, despite the presence of different cell types in lung tissue.

With the increasing life expectancy worldwide, interest in
the role of aging in health and disease has massively increased
(29). Especially for chronic degenerative diseases, including
COPD, it has been postulated that acceleration of the normal
aging process is involved in disease pathogenesis (25). Up to
now, several studies have investigated the role of aging in
COPD, and most of these studies found indications for an
accelerated aging process to be involved in COPD (8, 25, 30,
31). Our findings in lung fibroblasts on cellular senescence,
oxidative stress, and DNA damage are in line with previous
studies. However, the uniqueness of our study is that we
specifically focused on SEO-COPD patients. These COPD
patients develop the most severe form of COPD at an earlier
age with relatively low numbers of smoking pack-years com-
pared with the majority of patients with mild-moderate COPD
(42). Why these patients are particularly susceptible to devel-
oping this progressive and severe form of COPD is a major
unsolved question. In particular the fact that they develop
COPD at a relatively young age is interesting for studies on the
role of accelerated aging. We observed that the higher levels of
cellular senescence in fibroblasts and lung tissue, and DNA
damage in fibroblasts were most pronounced in SEO-COPD.
As these relatively young patients already display this aging
phenotype our data support a role for accelerated lung aging in
SEO-COPD.

We found more DNA damage and oxidative stress in COPD
and SEO-COPD-derived fibroblasts. These results are in line
with previous findings in lung tissue and lung epithelial cells
from COPD patients (2, 7, 41). DNA damage and oxidative
stress can both induce cellular senescence, while oxidative
stress can enhance DNA damage (12, 22, 34). The observed
correlation between ROS and DNA damage (�-H2A.X)

suggests that ROS may have contributed to DNA damage in
our study. In addition, we observed higher MSGT1 expres-
sion in SEO-COPD-derived fibroblasts. MGST1 has been
linked to aging in several studies (27, 40), including in lung
aging (16). The positive correlation between MGST1 and
ROS levels in fibroblasts suggests that higher MGST1 gene
expression might be the result of higher ROS levels. In
COPD patients, lung fibroblasts are chronically exposed to
high levels of oxidative stress resulting from chronic in-
flammation, tissue damage, and also directly from oxidative
stress exposure. These exposures may explain the higher
levels of cellular senescence, DNA damage and oxidative
stress in COPD-derived fibroblasts.

Although a link between aging and ECM dysregulation
was proposed previously (8, 17, 30), to our knowledge no
studies investigated the link between an accelerated aging
phenotype and fibroblast dysfunction in COPD yet. We
observed a correlation between higher levels of cellular
senescence and lower DCN gene expression in both COPD
and SEO-COPD-derived fibroblasts and confirmed this as-
sociation in our PQ-induced senescence model and in lung
tissue as well. Decorin is a proteoglycan that binds many
growth factors and their receptors, including transforming
growth factor (TGF)-�, thereby inhibiting their activity (14,
37, 48). TGF-� is known to be consistently upregulated in
COPD (15). Stimulation with TGF-� in vitro induces ECM
protein production via the SMAD pathway, while in contrast
TGF-� inhibits the production of decorin (35, 50). Decorin
also binds to collagen fibrils, providing structural support
for the ECM. In emphysema lower gene expression and
protein levels of proteoglycans, including lower decorin,
have been detected (35, 47), and lower decorin levels have
been linked to skin aging as well (28, 36). It has been
proposed that lower DCN expression in the small airway
contributes to loss of fiber organization in the airway walls
contributing to airway obstruction (1, 6, 47). Thus, lower
DCN expression in senescent lung fibroblasts as observed in
our study may affect the ECM structure in the peripheral
lung and contribute to lung tissue remodeling and small
airway obstruction in COPD. In addition to DCN, we also
measured gene expression of multiple other ECM proteins.
However, we did not find significant differences between
COPD and non-COPD control-derived fibroblasts at both
time-points (Supplemental Figs. S5, S6). So, the observed

Fig. 5. Decreased DCN expression and protein secretion upon senescence induction in primary lung fibroblasts. Dot plots show mRNA expression of DCN (A)
and decorin protein secretion (B) after 4 days of untreated (basal) and paraquat dichloride hydrate (PQ)-treated fibroblasts per subgroup. Blue, basal; red, PQ.
Significant differences between untreated and PQ treated are tested with Wilcoxon signed-rank tests and are indicated on top. *P value � 0.05. Dot plot shows
correlation between DCN mRNA expression (4 days) and decorin protein secretion (C) for untreated (Basal) and PQ fibroblasts. Blue, basal; red, PQ. Significant
differences tested with Spearman’s rank tests. In the plots the Spearman rho and P value are indicated and boldfaced when significant.
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decrease in decorin is likely not preceded by changes in
gene expression of the other ECM proteins. We observed a
significant correlation between DCN gene expression and
protein secretion, but we could not confirm the differences
between COPD- and control-derived fibroblasts on decorin
protein secretion. This may be due to overcorrection for the
differences in cell number, since we assessed the cell
numbers at the end of culture, while secreted proteins were
accumulated over 4 days. The decorin secretion levels were
indeed significantly lower in COPD-derived cultures when
we did not correct for cell numbers (Supplemental Fig. S3).

The fact that we confirmed the correlation between lower
DCN expression and higher p16 in lung tissue further
supports the link between cellular senescence and ECM
dysregulation in vivo.

Most ECM gene expression changes upon PQ-induced se-
nescence were observed after 4 days, when the cells are
senescent (SA-�-gal positive). Since, p21 expression was in-
creased after 24 h, it is likely that the ECM gene expression
changes develop as a result of the senescence induction and not
as a direct effect of the PQ treatment. Opposite to the decreased
expression of the majority of ECM genes upon PQ-induced

Fig. 6. Altered extracellular matrix (ECM) gene expression upon senescence induction in primary lung fibroblasts. Dot plots show mRNA expression of COL1A1
(A), FBLN5 (B), ELN (C), FN1 (D), and ACTA2 (E), BGN (F), and VCAN (G) after 4 days of untreated (basal) and paraquat dichloride hydrate (PQ)-treated
fibroblasts per groups and per subgroup. Blue, basal; red, PQ. Significant differences between untreated and PQ treated are tested with Wilcoxon signed-rank
tests and are indicated on top. *P value � 0.05 or P value is indicated.
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senescence, we observed increased VCAN gene expression.
Interestingly, most of these ECM gene expression changes are
in the same direction as changes in lung tissue from COPD
patients (1, 6), including higher versican protein levels (20).
Versican inhibits the synthesis and regeneration of elastic
fibers and is believed to be a negative regulator of elastin (20,
32). Indeed, together with increased VCAN expression upon
PQ-induced senescence, we observed decreased ELN expres-
sion after 4 days. Elastin dysregulation plays an important role
in COPD and lower elastin protein levels have been shown in
small airway walls from COPD patients (19). Together, our
findings support the notion that cellular senescence of lung
fibroblasts can lead to ECM dysregulation in COPD and
contribute to aberrant tissue remodeling.

Remarkably, previous studies using senescent fibroblasts
from idiopathic pulmonary fibrosis patients have shown higher
ECM gene expression, including ACTA2 and collagen (38, 49),
which is different from our findings in senescent fibroblasts
from COPD patients. These differences suggest that the effect
of cellular senescence on fibroblasts and their function is
context dependent and can be different between cell origin and
diseases.

Another interesting finding of our study is that we found
differences in the response toward senescence induction
between COPD and control-derived fibroblasts. The reduc-
tion in DNA damage repair markers Ku70 and Ku80 upon
PQ-induced senescence was more pronounced in fibroblasts
from COPD patients, which is in line with previous findings

Fig. 7. Chronic obstructive pulmonary disease (COPD)-derived fibroblasts respond differently to induction of cellular senescence than control-derived fibroblasts.
Dot plots show fold changes of mRNA expression after paraquat dichloride hydrate (PQ) treatment (24 h) compared with untreated (basal) fibroblast expression
of Ku70 (A), Ku80 (B), MGST1 (C), and FOXO3 (D) of all 4 patient groups. Lines represent medians. Significant differences between untreated and PQ-treated
per group are tested with Wilcoxon signed-rank tests and if significant are indicated above the x-axis with #. Significant differences in fold changes are tested
with Mann-Whitney U tests and indicated at the right graph. *P value � 0.05 or P value is indicated.

Table 2. Subject characteristics of lung tissue

Variable Control (SEO-COPD-matched) SEO-COPD P Value Control (older COPD-matched) Older, Mild-Moderate COPD P Value

Number 14 14 15 16
Age, mean yr (range) 52 (42–60) 52 (47–55) 0.763 71 (65–82) 71 (65–79) 0.971
Men/women, n 4/10 4/10 1.000 12/3 12/4 0.749
Pack-years 28 (20–35) 30 (22–40) 0.476 43 (25–52) 44 (21–50) 0.657
Stop-months 72 (15–252) 66 (51–93) 0.412 186 (54–288) 54 (15–123) 0.222
non-COPD, n 14 15
COPD, n 14 16

GOLD 1
GOLD 2 11
GOLD 3 5
GOLD 4 14

FEV1%pred 90.1 (86.6–99.78) 17.6 (15.2–23.9) 0.000 87.0 (79.1–101.2) 64.5 (45.8–67.6) 0.000
FVC%pred 97.3 (92.8–112.5) 46.7 (41.8–63.7) 0.000 86.5 (74.6–103.7) 83.9 (69.9–90.5) 0.426
FEV1/FVC 75.2 (73.0–78.9) 27.3 (25.9–39.8) 0.000 72.7 (70.7–76.7) 54.2 (43.1–62.3) 0.000

Data are presented as medians with IQRs, unless otherwise stated. Significant differences between groups were tested using Mann-Whitney U tests or unpaired
t tests. P values are stated and in boldface when significantly different. GOLD stage based on FEV1%pred. FEV1, forced expiratory volume in one second; FVC,
forced vital capacity.
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of lower protein levels of Ku80 in lung tissue from COPD
patients (9). In addition, expression of the oxidative re-
sponse genes FOXO3 and MGST1 upon PQ-induced senes-
cence was more induced in fibroblasts from control subjects
than from COPD patients. FOXO3 is a well-known antiag-
ing and antioxidant protein, and protein levels were shown
to be lower in lung tissue from smokers and COPD patients
previously (24). Together, these results suggest that COPD-
derived fibroblasts are less capable of responding to aging-
related damage.

One apparent different result between lung fibroblasts and
lung tissue from COPD patients was higher p16 expression
in fibroblasts, while p21 expression was higher in lung
tissue. Both are markers of cellular senescence and impor-
tant cell cycle inhibitors. Oxidative stress and DNA damage
can induce p53, which activates p21 downstream, while p16
can be activated by multiple stressors (4, 34). In addition,
p21 has been implicated in the early stage of senescence and
p16 in the latter stage of senescence (44). The differences
between fibroblasts and lung tissue can be explained by
differences in cell composition and cell responses, or po-
tential effects of prolonged cell culture of fibroblasts being
outside of their diseased microenvironment, since in lung
tissue oxidative stress may still be present. Importantly,
because we observed higher levels of cellular senescence in
lung fibroblasts and lung tissue from COPD patients, our
data indicate an accumulation of senescent cells in lungs of
COPD patients. This accumulation may contribute to im-
paired tissue function in lungs (5, 34).

In conclusion, this is the first study showing a link between
cellular senescence and deregulated ECM gene expression in

COPD, including SEO-COPD. Future studies on the functional
consequences of senescent lung fibroblasts may lead to a better
understanding of the pathogenesis of accelerated aging in
COPD with respect to lung tissue remodeling. Ultimately, this
knowledge might lead to novel therapeutic targets for COPD
patients, including SEO-COPD patients, which is important
since no treatment is available to cure the disease or to stop or
delay the progression of the disease.

ACKNOWLEDGMENTS

We thank Simone Brandenburg (European Research Institute for the Biol-
ogy of Ageing, University of Groningen, University Medical Centre Gro-
ningen) for help with setting up the SA-�-gal staining in our laboratory. We
thank Wierd Kooistra and Marjan Reinders-Luinge (Department of Pathology
and Medical Biology, University of Groningen, University Medical Centre
Groningen) for isolation of the primary parenchymal lung fibroblasts from lung
tissue from patients and subjects.

GRANTS

National Health and Medical Research Council (NHMRC), Australia;
Noordelijke CARA Stichting (NCS), Groningen, the Netherlands.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

M.d.V., W.T., M.v.d.B., M.D., B.G.G.O., I.H.H., and C.-A.B. conceived
and designed research; R.R.W. performed experiments; R.R.W., M.d.V.,
I.H.H., and C.-A.B. analyzed data; R.R.W., M.d.V., W.T., M.v.d.B., B.G.G.O.,
I.H.H., and C.-A.B. interpreted results of experiments; R.R.W. prepared figures;
R.R.W., M.d.V., I.H.H., and C.-A.B. drafted manuscript; R.R.W., M.d.V., I.H.H.,
and C.-A.B. edited and revised manuscript; R.R.W., M.d.V., W.T., M.v.d.B.,
M.D., B.G.G.O., I.H.H., and C.-A.B. approved final version of manuscript.

Fig. 8. Association between senescence and DCN gene expression confirmed in human lung tissue. Dot plots show mRNA expression of p16 (A), p21 (B), and
DCN (C) of all 4 patient groups. Green, severe, early-onset chronic obstructive pulmonary disease (SEO-COPD)-matched control; red, SEO-COPD; blue, older
COPD-matched control; yellow, older, mild-moderate COPD. One of the dots of the SEO-COPD group contains the average of 2 lung samples from the same
patient. Lines represent medians. Significant differences tested with Mann-Whitney U tests. *P value � 0.05. Dot plot shows correlation between p16 mRNA
expression and DCN mRNA expression (D). Significant difference tested with Spearman’s rank test. In the plot the Spearman rho and P value are indicated and
boldfaced when significant.

L58 CELLULAR SENESCENCE AND ECM DYSREGULATION IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00028.2020 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.072) on July 16, 2020.



REFERENCES

1. Annoni R, Lanças T, Yukimatsu Tanigawa R, de Medeiros Matsu-
shita M, de Morais Fernezlian S, Bruno A, Fernando Ferraz da Silva
L, Roughley PJ, Battaglia S, Dolhnikoff M, Hiemstra PS, Sterk PJ,
Rabe KF, Mauad T. Extracellular matrix composition in COPD. Eur
Respir J 40: 1362–1373, 2012. doi:10.1183/09031936.00192611.

2. Aoshiba K, Zhou F, Tsuji T, Nagai A. DNA damage as a molecular link
in the pathogenesis of COPD in smokers. Eur Respir J 39: 1368–1376,
2012. doi:10.1183/09031936.00050211.

3. Baarsma HA, Spanjer AI, Haitsma G, Engelbertink LH, Meurs H,
Jonker MR, Timens W, Postma DS, Kerstjens HA, Gosens R. Acti-
vation of WNT/�-catenin signaling in pulmonary fibroblasts by TGF-�1 is
increased in chronic obstructive pulmonary disease. PLoS One 6: e25450,
2011. doi:10.1371/journal.pone.0025450.

4. Barnes PJ. Senescence in COPD and Its Comorbidities. Annu Rev Physiol
79: 517–539, 2017. doi:10.1146/annurev-physiol-022516-034314.

5. Bartling B. Cellular senescence in normal and premature lung aging. Z
Gerontol Geriatr 46: 613–622, 2013. doi:10.1007/s00391-013-0543-3.

6. Bidan CM, Veldsink AC, Meurs H, Gosens R. Airway and Extracellular
Matrix Mechanics in COPD. Front Physiol 6: 346, 2015. doi:10.3389/
fphys.2015.00346.

7. Birch J, Anderson RK, Correia-Melo C, Jurk D, Hewitt G, Marques
FM, Green NJ, Moisey E, Birrell MA, Belvisi MG, Black F, Taylor JJ,
Fisher AJ, De Soyza A, Passos JF. DNA damage response at telomeres
contributes to lung aging and chronic obstructive pulmonary disease. Am
J Physiol Lung Cell Mol Physiol 309: L1124–L1137, 2015. doi:10.1152/
ajplung.00293.2015.

8. Brandsma CA, de Vries M, Costa R, Woldhuis RR, Königshoff M,
Timens W. Lung ageing and COPD: is there a role for ageing in abnormal
tissue repair? Eur Respir Rev 26: 170073, 2017. doi:10.1183/16000617.
0073-2017.

9. Caramori G, Adcock IM, Casolari P, Ito K, Jazrawi E, Tsaprouni L,
Villetti G, Civelli M, Carnini C, Chung KF, Barnes PJ, Papi A.
Unbalanced oxidant-induced DNA damage and repair in COPD: a link
towards lung cancer. Thorax 66: 521–527, 2011. doi:10.1136/thx.2010.
156448.

10. Cha ES, Lee YK, Moon EK, Kim YB, Lee YJ, Jeong WC, Cho EY,
Lee IJ, Hur J, Ha M, Lee WJ. Paraquat application and respiratory
health effects among South Korean farmers. Occup Environ Med 69:
398–403, 2012. doi:10.1136/oemed-2011-100244.

11. Chinta SJ, Woods G, Demaria M, Rane A, Zou Y, McQuade A,
Rajagopalan S, Limbad C, Madden DT, Campisi J, Andersen JK.
Cellular Senescence Is Induced by the Environmental Neurotoxin Paraquat
and Contributes to Neuropathology Linked to Parkinson’s Disease. Cell
Reports 22: 930–940, 2018. doi:10.1016/j.celrep.2017.12.092.

12. Correia-Melo C, Hewitt G, Passos JF. Telomeres, oxidative stress and
inflammatory factors: partners in cellular senescence? Longev Healthspan
3: 1, 2014. doi:10.1186/2046-2395-3-1.

13. Dagouassat M, Gagliolo JM, Chrusciel S, Bourin MC, Duprez C,
Caramelle P, Boyer L, Hue S, Stern JB, Validire P, Longrois D, Norel
X, Dubois-Randé JL, Le Gouvello S, Adnot S, Boczkowski J. The
cyclooxygenase-2-prostaglandin E2 pathway maintains senescence of
chronic obstructive pulmonary disease fibroblasts. Am J Respir Crit Care
Med 187: 703–714, 2013. doi:10.1164/rccm.201208-1361OC.

14. Danielson KG, Baribault H, Holmes DF, Graham H, Kadler KE,
Iozzo RV. Targeted disruption of decorin leads to abnormal collagen fibril
morphology and skin fragility. J Cell Biol 136: 729–743, 1997. doi:10.
1083/jcb.136.3.729.

15. de Boer WI, van Schadewijk A, Sont JK, Sharma HS, Stolk J,
Hiemstra PS, van Krieken JH. Transforming growth factor beta1 and
recruitment of macrophages and mast cells in airways in chronic obstruc-
tive pulmonary disease. Am J Respir Crit Care Med 158: 1951–1957,
1998. doi:10.1164/ajrccm.158.6.9803053.

16. de Vries M, Faiz A, Woldhuis RR, Postma DS, de Jong TV, Sin DD,
Bossé Y, Nickle DC, Guryev V, Timens W, van den Berge M,
Brandsma CA. Lung tissue gene-expression signature for the ageing lung
in COPD. Thorax 73: thoraxjnl-2017-210074, 2017. doi:10.1136/
thoraxjnl-2017-210074.

17. D’Errico A, Scarani P, Colosimo E, Spina M, Grigioni WF, Mancini
AM. Changes in the alveolar connective tissue of the ageing lung. An
immunohistochemical study. Virchows Arch A Pathol Anat Histopathol
415: 137–144, 1989. doi:10.1007/BF00784351.

18. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano
EE, Linskens M, Rubelj I, Pereira-Smith O. A biomarker that identifies
senescent human cells in culture and in aging skin in vivo. Proc Natl Acad
Sci USA 92: 9363–9367, 1995. doi:10.1073/pnas.92.20.9363.

19. Eurlings IM, Dentener MA, Cleutjens JP, Peutz CJ, Rohde GG,
Wouters EF, Reynaert NL. Similar matrix alterations in alveolar and
small airway walls of COPD patients. BMC Pulm Med 14: 90, 2014.
doi:10.1186/1471-2466-14-90.

20. Hallgren O, Nihlberg K, Dahlbäck M, Bjermer L, Eriksson LT,
Erjefält JS, Löfdahl CG, Westergren-Thorsson G. Altered fibroblast
proteoglycan production in COPD. Respir Res 11: 55, 2010. doi:10.1186/
1465-9921-11-55.

21. Hashimoto Y, Sugiura H, Togo S, Koarai A, Abe K, Yamada M,
Ichikawa T, Kikuchi T, Numakura T, Onodera K, Tanaka R, Sato K,
Yanagisawa S, Okazaki T, Tamada T, Kikuchi T, Hoshikawa Y,
Okada Y, Ichinose M. 27-Hydroxycholesterol accelerates cellular senes-
cence in human lung resident cells. Am J Physiol Lung Cell Mol Physiol
310: L1028–L1041, 2016. doi:10.1152/ajplung.00351.2015.

22. Hernandez-Segura A, Nehme J, Demaria M. Hallmarks of Cellular
Senescence. Trends Cell Biol 28: 436–453, 2018. doi:10.1016/j.tcb.2018.
02.001.

23. Hogg JC, Timens W. The pathology of chronic obstructive pulmonary
disease. Annu Rev Pathol 4: 435–459, 2009. doi:10.1146/annurev.pathol.
4.110807.092145.

24. Hwang JW, Rajendrasozhan S, Yao H, Chung S, Sundar IK, Huyck
HL, Pryhuber GS, Kinnula VL, Rahman I. FOXO3 deficiency leads to
increased susceptibility to cigarette smoke-induced inflammation, airspace
enlargement, and chronic obstructive pulmonary disease. J Immunol 187:
987–998, 2011. doi:10.4049/jimmunol.1001861.

25. Ito K, Barnes PJ. COPD as a disease of accelerated lung aging. Chest
135: 173–180, 2009. doi:10.1378/chest.08-1419.

26. Larsson-Callerfelt AK, Hallgren O, Andersson-Sjöland A, Thiman L,
Björklund J, Kron J, Nihlberg K, Bjermer L, Löfdahl CG, Wester-
gren-Thorsson G. Defective alterations in the collagen network to pros-
tacyclin in COPD lung fibroblasts. Respir Res 14: 21, 2013. doi:10.1186/
1465-9921-14-21.

27. Li N, Muthusamy S, Liang R, Sarojini H, Wang E. Increased expres-
sion of miR-34a and miR-93 in rat liver during aging, and their impact on
the expression of Mgst1 and Sirt1. Mech Ageing Dev 132: 75–85, 2011.
doi:10.1016/j.mad.2010.12.004.

28. Li Y, Liu Y, Xia W, Lei D, Voorhees JJ, Fisher GJ. Age-dependent
alterations of decorin glycosaminoglycans in human skin. Sci Rep 3: 2422,
2013. doi:10.1038/srep02422.

29. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The
hallmarks of aging. Cell 153: 1194–1217, 2013. doi:10.1016/j.cell.2013.
05.039.

30. Meiners S, Eickelberg O, Königshoff M. Hallmarks of the ageing lung.
Eur Respir J 45: 807–827, 2015. doi:10.1183/09031936.00186914.

31. Mercado N, Ito K, Barnes PJ. Accelerated ageing of the lung in COPD:
new concepts. Thorax 70: 482–489, 2015. doi:10.1136/thoraxjnl-2014-
206084.

32. Merrilees MJ, Ching PS, Beaumont B, Hinek A, Wight TN, Black PN.
Changes in elastin, elastin binding protein and versican in alveoli in
chronic obstructive pulmonary disease. Respir Res 9: 41, 2008. doi:10.
1186/1465-9921-9-41.

33. Müller KC, Welker L, Paasch K, Feindt B, Erpenbeck VJ, Hohlfeld
JM, Krug N, Nakashima M, Branscheid D, Magnussen H, Jörres RA,
Holz O. Lung fibroblasts from patients with emphysema show markers of
senescence in vitro. Respir Res 7: 32, 2006. doi:10.1186/1465-9921-7-32.

34. Muñoz-Espín D, Serrano M. Cellular senescence: from physiology to
pathology. Nat Rev Mol Cell Biol 15: 482–496, 2014. doi:10.1038/
nrm3823.

35. Noordhoek JA, Postma DS, Chong LL, Menkema L, Kauffman HF,
Timens W, van Straaten JF, van der Geld YM. Different modulation of
decorin production by lung fibroblasts from patients with mild and severe
emphysema. COPD 2: 17–25, 2005. doi:10.1081/COPD-200050678.

36. Oh JH, Kim YK, Jung JY, Shin JE, Chung JH. Changes in glycos-
aminoglycans and related proteoglycans in intrinsically aged human skin
in vivo. Exp Dermatol 20: 454–456, 2011. doi:10.1111/j.1600-0625.2011.
01258.x.

37. Orgel JP, Eid A, Antipova O, Bella J, Scott JE. Decorin core protein
(decoron) shape complements collagen fibril surface structure and medi-
ates its binding. PLoS One 4: e7028, 2009. doi:10.1371/journal.pone.
0007028.

L59CELLULAR SENESCENCE AND ECM DYSREGULATION IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00028.2020 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.072) on July 16, 2020.

https://doi.org/10.1183/09031936.00192611
https://doi.org/10.1183/09031936.00050211
https://doi.org/10.1371/journal.pone.0025450
https://doi.org/10.1146/annurev-physiol-022516-034314
https://doi.org/10.1007/s00391-013-0543-3
https://doi.org/10.3389/fphys.2015.00346
https://doi.org/10.3389/fphys.2015.00346
https://doi.org/10.1152/ajplung.00293.2015
https://doi.org/10.1152/ajplung.00293.2015
https://doi.org/10.1183/16000617.0073-2017
https://doi.org/10.1183/16000617.0073-2017
https://doi.org/10.1136/thx.2010.156448
https://doi.org/10.1136/thx.2010.156448
https://doi.org/10.1136/oemed-2011-100244
https://doi.org/10.1016/j.celrep.2017.12.092
https://doi.org/10.1186/2046-2395-3-1
https://doi.org/10.1164/rccm.201208-1361OC
https://doi.org/10.1083/jcb.136.3.729
https://doi.org/10.1083/jcb.136.3.729
https://doi.org/10.1164/ajrccm.158.6.9803053
https://doi.org/10.1136/thoraxjnl-2017-210074
https://doi.org/10.1136/thoraxjnl-2017-210074
https://doi.org/10.1007/BF00784351
https://doi.org/10.1073/pnas.92.20.9363
https://doi.org/10.1186/1471-2466-14-90
https://doi.org/10.1186/1465-9921-11-55
https://doi.org/10.1186/1465-9921-11-55
https://doi.org/10.1152/ajplung.00351.2015
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1146/annurev.pathol.4.110807.092145
https://doi.org/10.1146/annurev.pathol.4.110807.092145
https://doi.org/10.4049/jimmunol.1001861
https://doi.org/10.1378/chest.08-1419
https://doi.org/10.1186/1465-9921-14-21
https://doi.org/10.1186/1465-9921-14-21
https://doi.org/10.1016/j.mad.2010.12.004
https://doi.org/10.1038/srep02422
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1183/09031936.00186914
https://doi.org/10.1136/thoraxjnl-2014-206084
https://doi.org/10.1136/thoraxjnl-2014-206084
https://doi.org/10.1186/1465-9921-9-41
https://doi.org/10.1186/1465-9921-9-41
https://doi.org/10.1186/1465-9921-7-32
https://doi.org/10.1038/nrm3823
https://doi.org/10.1038/nrm3823
https://doi.org/10.1081/COPD-200050678
https://doi.org/10.1111/j.1600-0625.2011.01258.x
https://doi.org/10.1111/j.1600-0625.2011.01258.x
https://doi.org/10.1371/journal.pone.0007028
https://doi.org/10.1371/journal.pone.0007028


38. Pardo A, Selman M. Lung Fibroblasts, Aging, and Idiopathic Pulmonary
Fibrosis. Ann Am Thorac Soc 13, Suppl 5: S417–S421, 2016. doi:10.1513/
AnnalsATS.201605-341AW.

39. Postma DS, Timens W. Remodeling in asthma and chronic obstructive
pulmonary disease. Proc Am Thorac Soc 3: 434–439, 2006. doi:10.1513/
pats.200601-006AW.

40. Prall WC, Czibere A, Jäger M, Spentzos D, Libermann TA, Gatter-
mann N, Haas R, Aivado M. Age-related transcription levels of KU70,
MGST1 and BIK in CD34� hematopoietic stem and progenitor cells.
Mech Ageing Dev 128: 503–510, 2007. doi:10.1016/j.mad.2007.06.008.

41. Rajendrasozhan S, Yang SR, Kinnula VL, Rahman I. SIRT1, an
antiinflammatory and antiaging protein, is decreased in lungs of patients
with chronic obstructive pulmonary disease. Am J Respir Crit Care Med
177: 861–870, 2008. doi:10.1164/rccm.200708-1269OC.

42. Silverman EK, Chapman HA, Drazen JM, Weiss ST, Rosner B,
Campbell EJ, O’Donnell WJ, Reilly JJ, Ginns L, Mentzer S, Wain J,
Speizer FE. Genetic epidemiology of severe, early-onset chronic obstruc-
tive pulmonary disease. Risk to relatives for airflow obstruction and
chronic bronchitis. Am J Respir Crit Care Med 157, 6 Pt 1: 1770–1778,
1998. doi:10.1164/ajrccm.157.6.9706014.

43. Stanley SE, Chen JJ, Podlevsky JD, Alder JK, Hansel NN, Mathias
RA, Qi X, Rafaels NM, Wise RA, Silverman EK, Barnes KC, Arma-
nios M. Telomerase mutations in smokers with severe emphysema. J Clin
Invest 125: 563–570, 2015. doi:10.1172/JCI78554.

44. Stein GH, Drullinger LF, Soulard A, Dulić V. Differential roles for
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