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Abstract

Rationale: Cigarette smoke (CS) inhalation triggers oxidative stress
and inflammation, leading to accelerated lung aging, apoptosis, and
emphysema, as well as systemic pathologies. Metformin is beneficial
for protecting against aging-related diseases.

Objectives: We sought to investigate whether metformin may
ameliorate CS-induced pathologies of emphysematous chronic
obstructive pulmonary disease (COPD).

Methods: Micewere exposed chronically to CS and fedmetformin-
enriched chow for the second half of exposure. Lung, kidney, andmuscle
pathologies, lung proteostasis, endoplasmic reticulum (ER) stress,
mitochondrial function, andmediators ofmetformin effects in vivo and/
or in vitrowere studied.We evaluated the association ofmetformin use
with indices of emphysema progression over 5 years of follow-up among
the COPDGene (Genetic Epidemiology of COPD) study participants.
The association ofmetformin usewith the percentage of emphysema
and adjusted lung density was estimated by using a linearmixedmodel.

Measurements and Main Results: Metformin protected against
CS-induced pulmonary inflammation and airspace enlargement; small
airway remodeling, glomerular shrinkage, oxidative stress, apoptosis,
telomere damage, aging, dysmetabolism in vivo and in vitro; and ER
stress. The AMPK (AMP-activated protein kinase) pathway was
central to metformin’s protective action. Within COPDGene,
participants receiving metformin compared with those not receiving it
had a slower progression of emphysema (20.92%; 95% confidence
interval [CI],21.7% to20.14%; P=0.02) and a slower adjusted lung
density decrease (2.2 g/L; 95% CI, 0.43 to 4.0 g/L; P=0.01).

Conclusions: Metformin protected against CS-induced lung, renal,
and muscle injury; mitochondrial dysfunction; and unfolded protein
responses and ER stress in mice. In humans, metformin use was
associated with lesser emphysema progression over time. Our results
provide a rationale for clinical trials testing the efficacy of metformin
in limiting emphysema progression and its systemic consequences.
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Chronic obstructive pulmonary disease
(COPD) is a major cause of morbidity and
mortality worldwide (1). Most patients with
COPD develop radiologically defined
pulmonary emphysema (2), and in a
significant proportion of them, this is the
dominant feature of the disease. The best-
studied cause of emphysema is the chronic
inhalation of cigarette smoke (CS) (1), which,
in addition to injuring the lung, is associated
with a range of systemic effects, including
loss of tissue of mesenchymal origin, best
manifested by cachexia with loss of muscle
mass and function (3), kidney disfunction,
and comorbidities that independently
increase the risk of death (4).

The deleterious effects of CS are
associated with increases in inflammation
(5), alveolar epithelial-cell apoptosis (6),
accelerated aging, and oxidative stress (6) in
the lungs as well as systemically (7). CS also
induces accumulation of nonfunctional and
potentially cytotoxic, misfolded proteins
(unfolded protein responses [UPRs]) and
endoplasmic reticulum (ER) stress that
contribute to lung cell apoptosis and
inflammation (8). These findings, together
with mitochondrial dysfunction and
disruption of mitophagy with incomplete
degradation of damagedmitochondria (9),
suggest that accelerated aging may be a
potential mechanism contributing to
emphysema development. Consistent with
this, we have shown that patients with COPD
develop comorbidities typically seen in much
older patients, such as osteoporosis,
atherosclerosis, skin cancer, cataracts, and
dementia, 10 years earlier than patients
without a COPD diagnosis (10). Importantly,
current treatment for emphysema is based
on the use of inhaled medications that
improve respiratory symptoms and lung
function but have limited if any effect on
lung tissue regeneration and the systemic
effects of the disease (11).

Metformin is prescribed to treat
diabetes mellitus type 2. Apart from
increasing insulin sensitivity, metformin

usage has been linked with a reduced risk of
cancer and cardiovascular diseases (12),
suggesting a beneficial role in other diseases
associated with aging. Indeed, metformin-
dependent activation of 59 AMPK (AMP-
activated protein kinase) lengthens the
lifespan and attenuates the deleterious effects
of aging in preclinical models (13). A benefit
of metformin has also been observed in
conditions associated with inflammatory
organ injury and fibrosis via regulation of
cellular redox homeostasis (14).

To test the hypothesis that metformin
could ameliorate the pulmonary and
systemic lesions caused by CS, we compared
emphysema-like lung disease, alveolar-cell
apoptosis, oxidative stress, and aging in the
lung, kidney, and quadriceps muscle in air-
exposed mice versus CS-exposed mice that
received metformin-enriched versus
metformin-free chow for the second half of
the CS exposures. To explore the impact of
metformin in human disease, we also
measured its acute effect onmitochondrially
dependent functions and the AMPK
pathway in CS-exposed human bronchial
epithelial cells (HBECs). In humans, we
explored whether the use of metformin was
associated with slower emphysema
progression among participants in the
COPDGene (Genetic Epidemiology of
COPD) study with spirometry-
confirmed COPD.

Methods

Animal Studies
A full description of the methods is available
in the online supplement. All procedures
performed onmice were approved by the
Brigham andWomen’s Hospital Institutional
Animal Care and Use Committee.

In summary, C57BL/6, wild-type mice
were exposed to air or CS by using a Teague
TE-10z device for 2 hours daily on 6 days a
week for 24 weeks, with the total particulate
matter delivered ranging from 150 and 200

At a Glance Commentary
Scientific Knowledge on the
Subject: The current treatments for
pulmonary emphysema have a limited
ability to halt the lung tissue destruction
or the multiple and disabling systemic
pathologies associated with chronic
obstructive pulmonary disease (COPD),
which include accelerated aging,
apoptosis, inflammation, and oxidative
stress in the lung and other organs.
Metformin is a widely used drug that is
associated with beneficial effects in
diseases characterized by accelerated
aging and metabolic stress and is
associated with an increased lifespan
in mice.

What This Study Adds to the Field:
Metformin has protective effects against
cigarette smoke–induced pulmonary and
systemic pathologies in amurinemodel
of COPD. In particular, metformin
protects themice against cigarette
smoke–induced accelerated aging,
inflammation, oxidative stress, telomere
damage, mitochondrial dysfunction, and
unfolded protein responses associated
with endoplasmic reticulum stress. These
protective effects are linked to activation
of 59 AMPK (AMP-activated protein
kinase) and GDF-15 (growth
differentiation factor 15), which are
major bioenergetic sensors and
metabolic regulators. Importantly, in
humans, metformin use is associated
with protection against emphysema
progression over time, as measured by
computed tomography in the
COPDGene (Genetic Epidemiology of
COPD) cohort. Thus, we provide a
scientific rationale to stimulate the
potential application of metformin in
trials aimed at limiting emphysema
progression.

Author Contributions: F.P. and B.C. conceived the project and designed the experiments. F.P., T.D.W., J.R.-Q., X.W., J.M., M.T., J.T., S.P., D.Z.,
K.H.C., E.C.-L., A.F., G.L.K., C.P.H., K.D., M.S., J.Z., and P.R.L. conducted experiments. F.P., T.D.W., J.R.-Q., X.W., K.H.C., C.A.O., A.F.,
G.L.K., N.N.H., K.D., J.G.L., J.Z., J.K., P.R.L., R.S., I.R., M.M., and B.C. contributed to data analysis. F.P., T.D.W., J.R.-Q., X.W., D.Z., K.H.C.,
A.F., G.L.K., C.P.H., N.N.H., K.D., M.S., Y.T., J.G.L., C.C., J.Z., J.K., P.R.L., I.R., M.M., and B.C. contributed to data interpretation. F.P., T.D.W.,
A.F., G.L.K., M.S., C.P.H., M.M., and B.C. wrote the manuscript. All co-authors reviewed and approved the final manuscript.

Correspondence and requests for reprints should be addressed to Francesca Polverino, M.D., Ph.D., Asthma and Airway Disease Research
Center, University of Arizona, 1230 North Cherry Avenue, Tucson, AZ 85719. E-mail: fpolverino@copdnet.org.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

ORIGINAL ARTICLE

652 American Journal of Respiratory and Critical Care Medicine Volume 204 Number 6 | September 15 2021

mailto:fpolverino@copdnet.org
https://dx.doi.org/10.1164/rccm.202105-1273ED
http://www.atsjournals.org


mg/m3 (15, 16). Sex-matched mice were fed
either custom-made, fat-enriched, 1%
metformin–enriched or metformin-free
chow every day during the last 12 weeks of
the exposures (see Figure E1 in the online
supplement).

We quantified emphysema and small
airway remodeling (SAR) by using
morphometry on Gill-stained andMasson’s
trichrome–stained, formalin-fixed, paraffin-
embedded tissue (15, 16); respiratory
mechanics (15); and cell counts in BAL-fluid
samples (16). Kidney sections were stained
with hematoxylin and eosin to determine the
glomerular diameter and glomerular
shrinkage (17). Quadriceps sections were
stained for reduced nicotinamide adenine
dinucleotide to quantify type I and type II
muscle fiber proportions (18). Lung, kidney,
and quadriceps sections were assayed for
caspase-3 (a marker of intrinsic apoptosis
[16]), 4-hydroxy-2-nonenal (a marker of
lipid peroxidation [16]), thiobarbituric
acid–reactive substances, and H2AX
(g-H2A.X variant histone), the levels of
which increase with oxidative stress and
aging; p21 and p16 (senescence-associated
cyclin-dependent kinase inhibitors); sirtuin-1
(an antiaging enzyme that reduces telomeric
attrition [19]); and DNA fragmentation
(determined via TUNEL [terminal
deoxynucleotidyl transferase dUTP nick end
labeling]). The level of each molecule was
quantified as described in the online
supplement.

Telomere length and levels of mTERT
(murine telomerase reverse transcriptase)
(20) were measured by using a quantitative
PCRmethod in the lung, kidney, and
quadriceps (21). To evaluate the underlying
molecular mechanisms of metformin-
associated protection of the lung against
CS-induced pathologies, we performed
quantitative proteomics on lung protein
lysates from both air- and CS-treated
metformin-enriched chow–fed and
metformin-free chow–fed groups. Proteomic
data were obtained by using high-
performance liquid chromatography–
electrospray ionization–tandemmass
spectrometry in a positive-ion mode on a
Thermo Fisher Scientific Orbitrap Fusion
Lumos tribrid mass spectrometer fitted with
an EASY-Spray source. Progenesis QI
proteomics software (Waters) was used to
perform ion intensity–based, label-free
quantification (22). Unbiased gene-
annotation enrichment analysis of the
proteins in the CS group that were

significantly affected by metformin treatment
was performed by using the high-throughput
functional annotation tool of the Database
for Annotation, Visualization, and Integrated
Discovery (https://david.ncifcrf.gov/).

In light of the findings from the
unbiased proteomic analyses, indicating a
protective effect of metformin against the
UPR and ER stress, we used RT-PCR
analysis to assess the levels of the three main
mediators of the UPRs, namely ATF-6
(activating transcription factor 6), PERK
(protein kinase RNA–like ER kinase), and
IRE1-a (serine/threonine–protein kinase/
endoRNase inositol–requiring enzyme 1 a)
and its downstream effector molecule XBP-1
(X-box binding protein 1) in the lungs from
the four murine experimental groups, as well
as the levels of the energy-sensor molecule
GDF-15 (growth differentiation factor 15)
(23), which is known to be a key regulator of
UPRs (see Table E1 in the online supplement
for the primers used). In addition, we
assessed two crucial molecules in ER stress
responses: EDEMs (ER-associated
degradation–enhancing a-mannosidase–like
proteins) (24), which function as sensors of
UPR responses, and BIP (binding
immunoglobulin protein; also known as
GRP-78), an XBP-1–induced ER chaperone
with antiapoptotic properties due to its
ability to control the activation of
transmembrane ER stress sensors (IRE1,
PERK, and ATF6) (25).

The levels of P-AMPK (phospho-
AMPK)/AMPK and P-ACC (phospho–
acetyl-CoA carboxylase)/ACC (acetyl-CoA
carboxylase) were evaluated by using
Western blotting and immunofluorescence.
The levels of Camkk2 (calcium/calmodulin-
dependent protein kinase kinase 2, which
activates AMPK by phosphorylating its a
subunit [26]), Ulk1 (which mediates AMPK-
induced autophagy in response to dynamic
changes in cellular nutrients and energy
levels [27]), and other mediators of the
AMPK pathway (see the online supplement)
were assessed by using quantitative PCR in
murine lung lysates.

In Vitro Studies
The mitochondrial oxygen consumption rate
(OCR) was measured in HBEC cultures in
the presence of increasing concentrations of
CS extract without or without metformin
(Seahorse Bioscience XF96 Extracellular Flux
Analyzer). Total and phosphorylated levels of
AMPK, ACC, and mTOR (mammalian
target of rapamycin),which is known to be

inhibited by metformin (28), were also
measured in HBEC lysates by using
sandwich ELISAs.

Metformin and Emphysema in the
COPDGene Study
The COPDGene study is a multicenter
observational study intended to identify
genetic factors associated with COPD
incidence and progression, which enrolled
non-HispanicWhite or Black individuals,
aged 45–80 years, with at least a 10–pack-
year smoking history. Participants
underwent whole-lung volumetric computed
tomography (CT) at study entry and at Year
5, permitting longitudinal assessment of lung
CT characteristics. Full details are reported
elsewhere (29). All participants with COPD
(defined by a post-bronchodilator FEV1/FVC
ratio of,0.70) and usable CT scan
information at baseline and follow-up were
included in this analysis. We excluded
participants whose smoking status changed
between visits, as this has been shown to
change CT imaging characteristics
independent of emphysema (30).
Participant-reported medication inventories
were obtained at baseline and at the 5-year
follow-up. Metformin use was defined as
self-reported metformin use at baseline. The
outcomes of interest were the percentage of
emphysema, defined as the percentage of
lung voxels with attenuation less than2950
Hounsfield units, and the adjusted lung
density (ALD), defined as the average
attenuation at the 15th percentile of lung
voxels corrected for total lung volume (31).
An individual with worsening emphysema
would be expected to have an increasing
percentage of emphysema and a
decreasing ALD.

Statistics
For the murine and in vitro studies, data
were analyzed by using one-way ANOVA,
Holm-Sidak, or Dunnmethods for multiple
group comparisons, which were followed by
pairwise testing by using SigmaPlot (Systat
Software Inc.). Data not normally distributed
are presented as the median and interquartile
range, and pairwise testing was performed by
using the Mann-WhitneyU test. Normally
distributed data are presented as the mean
and SEM, and pairwise testing was
performed by using the Student’s t test.

To estimate the association of
metformin use and changes in emphysema
in COPDGene, we constructed linear mixed
models with random intercepts by CT
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scanner model and study site by using an
unstructured covariance matrix to account
for repeated measures. The change in the
percentage of emphysema and ALD
attributable to metformin use was
represented by a treatment-by-time
interaction. We adjusted for covariates
associated with emphysema progression and
other potential confounders: age, sex, race,
time-varying body mass index, use of ACE
(angiotensin-converting enzyme) or
angiotensin II receptor blockers (32),
comorbidity count (33), and time-varying
CT scanner model. Because smoking is
anticipated to confound the
metformin–emphysema association, we
included a dual adjustment for the smoking
status and time-varying pack-years of
smoking. To investigate whether associations
were attributable to metformin specifically or
were relevant to other medications targeting
glycemic control, we performed sensitivity
analyses introducing concurrent sulfonylurea
or insulin use (and their interaction with
time) into the model. An additional
sensitivity analysis was performed comparing
participants who reported metformin use at
both baseline and the 5-year follow-up with
those who did not report metformin use at
either visit. A two-sided P value of,0.05 was
considered to indicate statistical significance.

Results

Animal Studies
Metformin-enriched chow–fed mice exposed
to CS for 6 months had a greater alveolar
internal surface area (Figures 1A and 1B) and
a reduced mean linear intercept (Figure E2A)
compared with CS-exposed, metformin-free
chow–fed mice, even when adjusting for
increasing extents of lung deflation (Figure
E2B). Metformin protected against
CS-induced extracellular matrix deposition
around the small airways (Figures 1C and
1D). Metformin did not have a significant
effect on the lung function of air- or
CS-exposed, metformin-enriched chow–fed
mice compared with air- or CS-exposed,
metformin-free chow–fed mice when
looking at both the pressure–volume loops
(Figure E2C and E2D) and the quasistatic
lung compliance (Figure E2E).

Metformin was also protective against
CS-induced increases in BAL-fluid total
leukocyte (Figure 1E), macrophage (Figures
1F and E3A), and neutrophil (Figures E3B
and E3C) counts. Lymphocyte counts were

not affected by CS exposure (Figures E3D
and E3E).

In addition, metformin ameliorated the
CS-induced pulmonary oxidative stress levels
(Figures 2A, 2B, and 2D) and protected
against CS-induced alveolar epithelial-cell
apoptosis (Figures 2C–2F) and accelerated
aging (Figures 3A–3E). In the lung,
metformin protected against CS-induced
decreases in mTERTmRNA levels and
increases in g-H2AX (phosphorylated form
of H2AX), which is associated with the
induction of DNA double-strand breaks as a
result of oxidative stress and aging (Figures
3F–3H) (34).

CS exposure in mice induces both
glomerular and tubular kidney damage (17).
Metformin was protective against
CS-induced glomerular shrinkage (Figure 4A
and 4B), oxidative stress (Figures 4C, 4D,
and 4F), apoptosis (Figures 4E–4H), and
decreases in the level of sirtuin-1 (Figures 4I
and 4L) in both glomerular and tubular renal
cells.

Metformin protected against
CS-induced reductions of the sirtuin-1 level
in quadriceps myocytes (Figures 5A and 5B),
whereas CS-exposed, metformin-enriched
chow–fed mice had longer telomeres in their
quadriceps (Figure 5C) and lower levels of
g-H2AX than CS-exposed, metformin-free
chow–fed mice (Figures 5D and 5E).
Importantly, metformin partially protected
against CS-induced loss of type I peripheral
muscle fibers (Figures 5F and 5G) (18). The
number of caspase-3–positive quadriceps
cells was lower in CS-exposed, metformin-
enriched chow–fed mice than in CS-exposed,
metformin-free chow–fed mice (Figure
E4A). However, no difference in 4-hydroxy-
2-nonenal–positive quadriceps cells was
found between these two groups (Figure
E4B).

A volcano plot comparison of the
proteomic analyses of lungs from
metformin-enriched chow–fed and
metformin-free chow–fed mice (Figure 6A)
showed significant differences in the mean
expression of several proteins as a result of
metformin treatment, highlighting a
protective effect of metformin against
CS-induced autophagy andmitochondrial
dysfunction in the lung. Unbiased gene-
annotation enrichment analysis of the
proteins in the CS-exposed group that were
significantly affected by metformin treatment
confirmed that within the Gene Ontology
class biological processes as well as the Kyoto
Encyclopedia of Genes and Genomes

pathways, several pathways associated with
metformin in CS-exposed mice were related
to mitochondrial function, findings that were
distinct from those associated with the other
pairwise comparisons (Figure 6B, blue font;
Figure 6C; and Figure E5). The second
pathway that was most strongly associated
with the use of metformin in CS-exposed
mice was related to ER function and the UPR
(see Figure 6B, orange font, and Figure E5).

Furthermore, unlike CS-exposed and
metformin-free chow–fed mice, CS-exposed
andmetformin-enriched chow–fed mice had
a predominant expression pattern of
mitochondrial proteins known to be
associated with COPD and the AMPK
pathway, autophagy, pulmonary
inflammation, and oxidative stress (Figure
6D) that was more similar to that of the air-
exposed groups. See Tables E2–E4 for the
complete list and function of proteins found
to be affected by metformin treatment.

A protective action of metformin
against CS is likely mediated by AMPK. CS
increased P-AMPK (Figure 7A and E6A),
which was accompanied by increased
expression of Camkk2, which is known to
phosphorylate and activate AMPK (Figure
7B), and the downstreammolecule Ulk1,
which is implicated in autophagy (Figure
7C). Interestingly, we observed that
CS-exposed, metformin-enriched chow–fed
mice had decreased AMPK phosphorylation,
and Camkk2 and Ulk1, as compared with the
control group (Figures 7A–7C). These
findings suggest that metformin normalizes
the AMPK phosphorylation and related
autophagy signaling pathways. It is also
possible that CS alone can increase
expression of Ulk1 and Camkk2,
independently of AMPK activation (35, 36).
Indeed, additional experiments revealed that
phosphorylation of ACC, as a downstream
target of AMPK and regulator of fatty acid
oxidation, was increased in the lungs from
air-exposed, metformin-enriched chow–fed,
air-exposed mice compared with metformin-
free chow–fed, air-exposed mice but was not
significantly different between metformin-
free chow–fed, CS-exposed mice and
metformin-enriched chow–fed, CS-exposed
mice (Figures E6B–E6D).

On the basis of the new findings from
the unbiased proteomic analyses, we assessed
the effect of metformin on key regulatory
molecules of UPRs and ER stress. In
particular, we assessed the levels of the three
main mediators of UPRs, namely ATF-6,
PERK, and IRE1-a and its downstream
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Figure 1. Metformin ameliorates the development of airspace enlargement, small airway remodeling, and inflammation in the lungs of
mice exposed to cigarette smoke (CS). Wild-type mice were exposed to air or CS for 24 weeks and fed metformin-free (MetFree) or
metformin-enriched (Met) chow during the last 12 weeks of exposure. (A) The lung parenchyma of Met chow–fed, CS-exposed mice showed
milder airspace enlargement than that of the MetFree chow–fed, CS-exposed mice. Scale bars: CS, 50 mm; air, 100 mm. (B) Metformin treatment
was protective against CS-induced decreases in the internal surface area quantified in formalin-fixed, paraffin-embedded Gill-stained lung
sections and adjusted for the total lung volume (5 air-exposed mice/group and 13–15 CS-exposed mice/group). N=5–15 mice/group.
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effector molecule XBP-1 (37), in the lungs
and observed a significative upregulation of
the ATF-6 arm and XBP-1 in CS-exposed,
metformin-enriched chow–fed mice
compared with CS-exposed, metformin-free
chow–fed mice (Figures 7D and 7E). These
metformin-induced changes were associated
with increases in another key metabolic
stress–induced sensor, GDF-15, which is a
rescue cytokine that is expressed during
cellular stress (38) and is known to augment,
upon stressful stimuli, the expression of
ATF-6 and XBP-1 as transcriptional stress
markers (39) (Figures 7F and 7G).
Furthermore, lower levels of EDEMs and
higher levels of GRP-78 were observed in the
lungs of CS-exposed, metformin-enriched
chow–fed mice compared with CS-exposed,
metformin-free chow–fed mice (Figure 7H),
confirming a protective action of metformin
against UPR stress responses and ER stress.
No changes in PERK and IRE1-a (Figures
E7A and E7B, respectively) were found
across treatment groups.

Wemonitored the weight of mice and
observed that both air-exposed metformin-
free chow–fed mice and CS-exposed
metformin-free chow–fed mice substantially
increased their weight during the 6-month
exposures compared with their initial weight.
As expected, CS-exposed, metformin-free
chow–fed mice gained less weight than air-
exposed, metformin-free chow–fed mice. In
contrast, both air-exposed, metformin-
enriched chow–fed mice and CS-exposed
metformin-enriched chow–fed mice
maintained their weight throughout the
exposures (Figure E8).

In Vitro HBECs
Subsequent experiments tested the effects of
metformin and CS in lung epithelial cells
in vitro. Simultaneous treatment with
metformin protected the HBECs from
CS-induced decreases in the uncoupled OCR
(FCCP-OCR) in a concentration-dependent
fashion (Figure E9A). The FCCP-OCR is the
maximal rate of the electron transport chain
and is a sensitive marker of mitochondrial
dysfunction (40). In CS-treated cells
compared with untreated control cells, CS
mediated a decline in the FCCP-OCR, which

was associated with decreased AMPK
phosphorylation. Notably, inclusion of
metformin diminished such adverse effects
caused by CS extract (Figure E9A and E9B)
by preventing the decrease in the FCCP-
OCR in CS-treated cells, but inclusion of
metformin did not prevent the decrease in
AMPK phosphorylation (Figure E9C).
Additional experiments confirmed that
metformin diminished the phosphorylation
(activation) of mTOR in CS-treated HBECs
(Figure E9D). These results indicate that
metforminmay prevent bioenergetic
dysfunction in CS-treated HBECs.

Metformin and Emphysema in the
COPDGene Study
Out of 3,804 participants who provided
baseline data, 1,687 (44%) attended the
follow-up visit and formed our analytic
population (Table 1). In comparison with
those who only attended the baseline visit,
included participants had less severe COPD,
a lower intensity of smoking, and a higher
body mass index; notably, 42% of those who
only attended the baseline visit had died
before Year 5 (Table E5). Within the analytic
population, baseline metformin users were
older, heavier, and hadmore comorbidities.
However, they were less likely to be current
smokers, had a lower percentage of
emphysema, and had a higher ALD at
baseline, but they had no difference in terms
of COPD severity. At 5-year follow-up,
emphysema progressed in both metformin
users and nonusers (Table 2). However,
compared with metformin nonusers,
metformin users experienced a slower
progression in the percentage of emphysema
(adjusted difference-in-difference of20.92%;
95% confidence interval [CI],21.7% to
20.14%) and experienced an attenuation of
the decrease in ALD (adjusted difference-in-
difference of 2.2 g/L; 95% CI, 0.43 to 4.0 g/L)
at 5 years (Table 2). The losses in the FEV1 in
metformin nonusers and users were22
(95% CI,22.6 to21.5) ml/yr and20.66
(95% CI,22.9 to 1.6) ml/yr, respectively,
with a slope difference of 1.4 (95% CI,20.9
to 3.7) ml/yr being shown. These results were
also consistent in a sensitivity analysis of
1,540 participants who reported persistent

metformin use or nonuse at both visits
(Table 2). There was no association between
sulfonylurea or insulin use and the change in
the percentage of emphysema or the ALD,
and point estimates for metformin use were
not qualitatively different with concurrent
adjustment for these antidiabetic agents
(Table E6).

Discussion

To our knowledge, this is the first
comprehensive analysis of the effects of
metformin in patients with COPD and in an
experimental model of CS exposure. In a
murine model, we confirmed that metformin
administered to mice 3 months after
beginning a 6-month exposure to CS
effectively protects mice from progressive
CS-induced pathologies. In addition to
benefitting the lungs, metformin was also
observed to provide benefits to the kidney
and skeletal muscles. Our mechanistic
studies revealed that metformin improved
mitochondrial function linked to the
activation of AMPK and GDF-15, which are
among the major bioenergetic sensors and
metabolic regulators in the lungs and other
organs, leading to an amelioration of
mitochondrial function, UPRs, and ER stress.
The observation that participants enrolled in
the COPDGene study who were receiving
metformin had a slower progression of
emphysema than those who were not
receiving metformin supports the concept
that the benefit of metforminmay extend to
humans.

Metformin Effects In Vivo in
CS-exposed Mice
We found that metformin effectively
diminishes the development of CS-induced
pulmonary airspace enlargement, oxidative
stress, alveolar epithelial cell accelerated
aging, pulmonary inflammation, telomere
damage, and SAR in mice. Metformin is an
established activator of AMPK, although the
precise mechanisms of its action remain to
be determined. Once activated, AMPK is
beneficial in protecting and restoring
bioenergetic homeostasis under conditions

Figure 1. (Continued). (C) Representative images of extracellular matrix (ECM) deposition around small airways (in bright blue color; see
arrows) in Masson’s Trichrome–stained lung sections. Scale bar, 50 mm. (D) The thickness of the ECM protein layer deposited around small
airways (300–799 mm in diameter) was significantly lower in Met chow–fed, CS-exposed mice than in MetFree chow–fed, CS-exposed mice.
(E and F) The numbers of total leukocytes and macrophages quantified in BAL samples were lower in MetFree chow–fed, CS-exposed mice
than in Met chow–fed, CS-exposed mice. *P, 0.05 for each time point indicated. Mon=months.
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Figure 2. Metformin protects the lung against cigarette smoke (CS)-induced apoptosis and oxidative stress. Wild-type mice were exposed to air
or CS for 24 weeks and were fed metformin-free (MetFree) or metformin-enriched (Met) chow during the last 12 weeks of exposure. (A and B)
The levels of MDA and 4-hydroxy-2-nonenal (4-HNE) were lower in CS-exposed, Met chow–fed mice than in CS-exposed, MetFree chow–fed
mice, respectively. (C) The number of cells positive for the apoptosis marker caspase-3 normalized for squared micrometers of lung tissue was
lower in Met chow–fed, CS-exposed mice than in MetFree chow–fed, CS-exposed mice. (D) Representative double-immunofluorescence
pictures of pulmonary alveoli positive for 4-HNE (green arrows), caspase-3 (red arrows), or both (yellow arrows). N=5–15 mice/group. Scale
bar, 50 mm. (E and F) The number of alveolar cells with DNA fragmentation (see arrows) as determined by using a TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) assay and normalized for cells/mm2 of lung tissue was higher in MetFree chow–fed,
CS-exposed mice than in Met chow–fed, CS-exposed mice. Scale bar, 100 mm. *P, 0.05 versus the air group that received the same chow or
versus the group indicated. MDA=malondialdehyde; Mon=months.
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of limited oxygen and nutrient
bioavailability, such as during CS exposure,
that increase the intracellular AMP/ATP
ratio (41). This also includes bioenergetic
imbalances that are characterized by an
elevated intracellular AMP/ATP ratio (41), as
occurs after exposure to CS. Recent studies
have suggested that AMPK activation can
reduce CS-induced lung inflammation,
cellular senescence, oxidative stress, and
emphysema (42). In experimental models
with metformin treatment, AMPK activation
has been linked to caloric restriction (43),

resulting in reductions in both the
accumulation of oxidative damage and the
chronic inflammation that adversely affect
the lifespan (13). These observations are
consistent with the benefits of AMPK
activation in acute lung injury models, with
benefits including reductions in the airway
inflammation, airway remodeling, and small
airway extracellular matrix deposition that
are known to be linked with aging.

Although metformin-dependent
activation of AMPK is well documented, it is
important to note that the impact of CS

alone on AMPK activity is less consistent,
particularly when comparing in vivo and
in vitromodels (42, 44). For example, CS
alone has been shown to increase the
expression of the transcriptional regulators of
AMPK signaling, including Ulk1 and
Camkk2, even if downstream AMPK
activation is suppressed (35, 36). Of note,
AMPK pathway activation is observed upon
bioenergetic alterations and oxidative stress
in the lungs of CS-treated mice (45). Hereby,
we demonstrate for the first time that
metformin effectively protects against
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Figure 3. Metformin protects the lung against cigarette smoke (CS)-induced aging and telomere damage. Wild-type mice were exposed to air or
CS for 24 weeks and were fed metformin-free (MetFree) or metformin-enriched (Met) chow during the last 12 weeks of exposure. (A and B) The
numbers of alveolar cells/mm2 of alveolar tissue expressing the aging markers p16 and p21 were lower in CS-exposed, Met chow–fed mice
than in CS-exposed, MetFree chow–fed mice, respectively. (C) Representative double-immunofluorescence pictures showing a lower number of
cells positive for the aging markers p16 (green arrows), p21 (red arrows), or both (yellow arrows) in Met chow–fed, CS-exposed mice than in
MetFree chow–fed, CS-exposed mice. Scale bar, 50 mm. (D) The number of alveolar cells/mm2 of alveolar tissue expressing the prosurvival
marker sirtuin-1 was higher in CS-exposed, Met chow–fed mice than in CS-exposed, MetFree chow–fed mice. (E) Representative
immunofluorescence pictures showing a higher number of cells positive for sirtuin-1 (arrows) in Met chow–fed, CS-exposed mice than in MetFree
chow–fed, CS-exposed mice. Scale bar, 50 mm. (F) The mRNA mTERT (murine telomerase reverse transcriptase) levels quantified by using
RT-PCR analysis were higher in Met chow–fed, CS-exposed mice than in MetFree chow–fed, CS-exposed mice. (G) The number of alveolar
cells/mm2 of alveolar tissue expressing g-H2AX (the phosphorylated form of H2AX [g-H2A.X variant histone]) was higher in CS-exposed, MetFree
chow–fed mice than in Met chow–fed mice. (H) Representative immunofluorescence pictures showing a higher number of cells positive for
g-H2AX (arrows) in MetFree chow–fed, CS-exposed mice than in Met chow–fed, CS-exposed mice. Scale bar, 50 mm. *P,0.05 versus the air
group that received the same chow or versus the group indicated. Mon=months.
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Figure 4. Metformin protects against cigarette smoke (CS)-induced glomerular shrinkage by reducing oxidative stress, apoptosis, and aging in
the kidneys. Wild-type mice were exposed to air or CS for 24 weeks and were fed metformin-enriched (Met) or metformin-free (MetFree) chow
during the last 12 weeks of exposure. (A) Representative images of glomeruli in hematoxylin and eosin–stained kidney sections. Met chow–fed
mice were protected against CS-induced glomerular shrinkage compared with MetFree chow–fed, CS-exposed mice. Scale bar, 50 mm. (B) The
glomerular diameters were quantified in 3–4 mice/group. (C–E) The levels of MDA and the numbers of alveolar cells expressing 4-hydroxy-2-
nonenal (4-HNE) and caspase-3 normalized for cells/mm2 of renal tissue were lower in CS-exposed, Met chow–fed mice than in CS-exposed,
MetFree chow–fed mice, respectively. (F) Representative double-immunofluorescence pictures showing a lower number of cells positive for
caspase-3 (red arrows), 4-HNE (green arrows), or both (yellow arrows) in Met chow–fed, CS-exposed mice than in MetFree chow–fed,
CS-exposed mice. Scale bar, 50 mm. (G and H) The number of cells with DNA fragmentation (see arrows) as determined by using a TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end labeling) assay and normalized for cells/mm2 of renal tissue was higher in MetFree
chow–fed, CS-exposed mice than in Met chow–fed, CS-exposed mice. Scale bar, 100 mm. (I) The number of cells/mm2 of renal tissue
expressing sirtuin-1 was higher in CS-exposed, MetFree chow–fed mice than in CS-exposed, Met chow–fed mice. (J) Representative
immunofluorescence pictures showing a higher number of cells positive for sirtuin-1 (arrows) in MetFree chow–fed, CS-exposed mice than in
Met chow–fed, CS-exposed mice. Scale bar, 50 mm. *P, 0.05 versus the air group that received the same chow or versus the group indicated.
MDA=malondialdehyde; Mon=months.
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CS-induced activation of AMPK and its
downstream signaling, including Ulk1-
related autophagy/mitophagy in vivo.

The proteomic data in our study (Figure
6) confirmed that metformin ameliorates
CS-induced impairment of the lung
bioenergetics andmitochondrial function
and reduces the CS-induced proteostasis

imbalance secondary to oxidative stress and
inflammation. In particular, an unbiased
gene-annotation enrichment proteomic
analysis revealed that the pathways that were
most associated with the protective effects of
metformin use in CS-exposed mice were
related to mitochondrial function (protein
shuttles involved in substrate mobilization

between the cytosol and mitochondria,
increasing the substrate for mitochondrial
metabolism) and UPRs and ER stress
(ER–ribosome complex proteins). We also
observed a significant increase in pulmonary
and renal GDF-15 in CS-exposed mice
receiving metformin compared with the
irregular variation observed in the control
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Figure 5. Metformin protects against cigarette smoke (CS)-induced skeletal muscle aging and waste by preserving quadriceps telomere length
and type I fibers. (A) The number of cells/mm2 of peripheral muscle tissue expressing the prosurvival marker sirtuin-1 was higher in CS-exposed,
metformin-enriched (Met) chow–fed mice than in metformin-free (MetFree) chow–fed mice. (B) Representative immunofluorescence pictures
showing a higher number of cells positive for sirtuin-1 (arrows) in Met chow–fed, CS-exposed mice than in MetFree chow–fed, CS-exposed mice.
Scale bar, 50 mm. (C) The quadriceps telomere length was higher in Met chow–fed, CS-exposed mice than in MetFree chow–fed, CS-exposed
mice. (D) The number of cells/mm2 of peripheral muscle tissue expressing g-H2AX (the phosphorylated form of H2AX [g-H2A.X variant histone])
was higher in CS-exposed, MetFree chow–fed mice than in CS-exposed, Met chow–fed mice. (E) Representative immunofluorescence
pictures showing a higher number of cells positive for g-H2AX (arrows) in MetFree chow–fed, CS-exposed mice than in Met chow–fed,
CS-exposed mice. Scale bar, 50 mm. (F) CS-exposed, Met chow–fed mice had a greater number of reduced nicotinamide adenine dinucleotide
(NADH) muscle fibers (arrows in G) than CS-exposed, MetFree chow–fed mice. (G) The NADH staining of type I and type II muscle fibers in
formalin-fixed, paraffin-embedded skeletal muscle sections. The type I fibers stain with dark blue, and the type II fibers stain with light blue.
Met chow–fed mice were protected against CS-induced loss of type I fibers compared with MetFree chow–fed, CS-exposed mice.
Scale bar, 50 mm. *P,0.05 versus the air group that received the same chow or versus the group indicated. Mon=months.
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animals (Figure 7). This suggests that critical
levels of noxious stressors triggered by CS are
necessary for the metformin to promote
increases in levels of GDF-15. Although
conflicting data exist regarding the role of
GDF-15 (46), a recent study has notably
shown that under stressful conditions,

metformin elevates the circulating levels of
GDF-15, therefore increasing glucose
metabolism and decreasing the oxidative
stress associated with aging (38). The
increase in the GDF-15 levels was
accompanied by an increase in the levels of
the energy and stress sensors that regulate

UPRs and ER stress (ATF-6, XBP-1, and
GRP-78) and by a decrease in the ER stress
marker EDEM. These data, together with an
improved mitochondrial OCR in
CS-exposed mice and HBECs, show that
metformin improves cellular energy
production by ameliorating mitochondrial
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Figure 7. Metformin effects in cigarette smoke (CS)-exposed mice are associated with changes in components of the AMPK (AMP-activated
protein kinase) pathway and in key stress sensors regulating unfolded protein responses (UPRs) and endoplasmic reticulum (ER) stress. (A)
Western blot analyses of the lung homogenates were performed, and the levels of phosphoT172-AMPK/total AMPK were quantified and found to
be decreased in CS-exposed, metformin-enriched (Met) chow–fed mice compared with CS-exposed, metformin-free (MetFree) chow–fed mice.
Pulmonary (B) Camkk-2 (calcium/calmodulin-dependent protein kinase kinase 2) and (C) Ulk-1 levels were quantified by using RT-PCR analysis
in the four experimental groups of mice and were found to be decreased in CS-exposed, Met chow–fed mice compared with CS-exposed,
MetFree chow–fed mice. (D and E) The mRNA levels of the UPR sensors ATF-6 (activating transcription factor 6) and XBP-1 (X-box binding
protein 1) were higher in CS-exposed, Met chow–fed mice than in CS-exposed, MetFree chow–fed mice and (F and G) were associated with
higher gene expression levels of GDF15 (growth differentiation factor 15), a rescue cytokine that is expressed during cellular stress, in both the
lungs and the kidneys, respectively. (H) Double-immunofluorescence staining for ER stress sensors, EDEMs (ER-associated
degradation–enhancing a-mannosidase–like proteins) (green arrows) and BIP (binding immunoglobulin protein, also known as GRP-78) (red
arrows) showing a decrease in EDEMs and an increase in GRP-78 in CS-exposed, Met chow–fed mice compared with CS-exposed, MetFree
chow–fed mice. Scale bar, 50 mm. *P,0.05 versus the air group that received the same chow or versus the group indicated. Mon=months.
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metabolism and decreasing ER stress in
CS-exposed lungs.

Chronic kidney disease is an important
COPD comorbidity that is worsened by
COPD exacerbations. Chronic CS exposure
causes oxidative stress and apoptosis, an
increased production of advanced
glycosylation end products and RAGE
(receptor for advanced glycosylation end
products) in the renal epithelium, and
glomeruli shrinkage, which causes

microalbuminuria, in mice (17). We now
show that metformin protects the kidneys
from CS-induced oxidative stress, apoptosis,
and aging in glomerular and tubular cells
(Figure 4).

Functional impairment from
sarcopenia, frequently present in patients
with advanced emphysema, is associated
with an accumulation of intramuscular CO2,
resulting in AMPK activation and muscular
hypometabolism (47). Our results show that

metformin administration is not only
associated with longer telomeres but is also
associated with higher levels of sirtuin-1,
which could contribute to the preservation of
the critical mass of oxidative fibers that
would otherwise be wasted in response to CS
exposure. These results suggest that
metformin could be helpful in patients with
sarcopenia.

A stable weight is one indicator of
metabolic health. Both air- and CS-exposed
mice treated with metformin gained a small
amount of weight for the entire 6 months,
whereas metformin-free chow–fed mice
increased their body weight by 50% over the
same time frame, even though the animals
had already reached their adult body weight.

Metformin Effects in HBECs In Vitro
and Epidemiological Support for an
Effect In Vivo
We show for the first time that metformin
protects against CS-induced decreases in the
mitochondrial FCCP-OCR in HBECs.
Similar beneficial effects of metformin on the
preservation of mitochondrial function have
been shown in conditions associated with
inflammatory lung injury and in fibrosis
models of the lung and other organs (48).
This is possible, as metformin-dependent
activation of the AMPK signaling pathway
promotes mitochondrial fission, biogenesis,
and respiration and restores the
mitochondrial life cycle in cultured cells and
in vivo (48). Interestingly, although AMPK is
a bioenergetic sensor and regulator of
metabolism, we found that a CS-mediated
decline in the OCR in HBECs is paralleled by
lowered AMPK activation and increased
mTOR activity in vitro; these signaling

Table 1. Baseline Characteristics of Included Participants from COPDGene
(n=1,687)

Characteristic

Metformin Nonusers
(n=1,572) [n (%) or

Mean6SD]

Metformin Users
(n=115) [n (%) or

Mean6SD] P Value

Age, yr 6368.4 65.667.1 ,0.01
Sex, F 740 (47) 40 (35) 0.01
Black race 310 (20) 17 (15) 0.2
GOLD stage 0.1
GOLD 1 (FEV1>80%) 371 (24) 19 (17)
GOLD 2 (50%<FEV1,80%) 760 (48) 61 (53)
GOLD 3 (30%<FEV1,50%) 355 (23) 32 (28)
GOLD 4 (FEV1,30%) 86 (6) 3 (3)

Post-bronchodilator FEV1pp, % 64621 62619 0.4
Pack-years of smoking at baseline 6469.0 6368 0.3
Current smoker 579 (37) 28 (24) ,0.01
Additional pack-years at follow-up 3.662.6 4.362.6 0.1
Body mass index, kg/m2 2865.6 31.865.6 ,0.01
Comorbidity count* 2.361.7 4.261.6 ,0.01
ACE/ARB use 394 (25) 78 (68) ,0.01
Baseline CT characteristics
Percentage of emphysema 10.2610.6 7.368.2 ,0.01
Adjusted lung density, g/L 73.8625.1 796 21.4 0.03

Definition of abbreviations: ACE/ARB=angiotensin-converting enzyme/angiotensin II receptor
blocker; COPDGene=Genetic Epidemiology of Chronic Obstructive Pulmonary Disease;
CT=computed tomography; GOLD=Global Initiative for Obstructive Lung Disease;
FEV1pp=FEV1% predicted.
*Count of coronary artery disease, congestive heart failure, diabetes, stroke, high blood
pressure, and high cholesterol.

Table 2. Association of Metformin Use with Markers of Emphysema Progression within COPDGene

Outcome

Difference between Follow-up and Baseline

Difference-in-Difference* P Value
Metformin Users
[Units (95% CI)]

Metformin Nonusers
[Units (95% CI)]

Overall cohort (n=1,687)
Percentage of emphysema 1.4 (0.62 to 2.2) 2.3 (2.1 to 2.6) 20.92 (21.7 to 20.14) 0.02
Adjusted lung density, g/L 22.7 (24.5 to 20.97) 25.0 (25.5 to 24.4) 2.2 (0.43 to 4.0) 0.01

Persistent use (n=1,540)†
Percentage of emphysema 0.87 (20.06 to 1.8) 2.4 (2.1 to 2.7) 21.5 (22.5 to 20.59) ,0.01
Adjusted lung density, g/L 22.9 (24.6 to 20.38) 25.1 (25.7 to 24.5) 2.6 (0.48 to 4.7) 0.02

Definition of abbreviations: CI = confidence interval; CT=computed tomography; COPDGene=Genetic Epidemiology of Chronic Obstructive
Pulmonary Disease.
*Adjusted for age, sex, race, smoking status, use of an ACE (angiotensin-converting enzyme) or angiotensin II receptor blocker, comorbidity
count, time-varying body mass index, CT scanner model, and pack-years of smoking.
†Subset of participants who were consistent users or nonusers of metformin at baseline and follow-up.
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events are effectively prevented by the
inclusion of metformin, likely through
metformin preventing CS-induced
mitochondrial proton leakage (Figure
E9B). It is possible that despite a reduced
OCR in CS-treated lung epithelial cells,
AMPK activity is diminished via
metabolic reprogramming (e.g., due to
glycolytic flux). Another mechanism
involved in the inhibition of AMPK is
associated with inflammatory conditions
that have been shown to reduce AMPK
phosphorylation in vitro (49).

That the experimental observations
we report could have translational
applications to patients with emphysema
is supported by the findings observed
among participants with COPD within the
COPDGene study, which indicate an
association between metformin use and
slower emphysema progression over 5
years of follow-up (Table 2). Furthermore,
we have previously reported that
metformin use is associated with

improved respiratory function–related
quality of life in the same cohort (50).

Limitations of the Study
We acknowledge that the animal experiments
are not exactly representative of the
therapeutic intervention that would guide its
application in humans. However, the
initiation of metformin 3months after CS
exposure best resembles the therapeutic
approach to be considered in humans. In
addition, our in vivo and in vitro findings
suggest complex and yet understudied
biological effects of metformin that can
protect against the progression of CS-induced
diseases; further studies are required to shed
light on the mechanisms involved in such
protection. In COPDGene, medication use
was self-reported, and data on drug dosages
and the duration of use were not recorded.
Patients receivingmetformin could have been
using other confounding medications.
However, as shown in Table 2, the difference
in emphysema progression remained

significant after adjusting for many potential
confounders, including the use of ACE
inhibitors. Our results may not be
generalizable to participants with more severe
COPD and a greater comorbidity burden, as
these individuals were less likely to attend the
follow-up visit, often because of mortality.
Furthermore, the association between
metformin use and emphysema progression
may be confounded by healthy behaviors, as
suggested by metformin users having a lower
prevalence of smoking at baseline. This bias
may be especially relevant to our sensitivity
analysis among participants with persistent
metformin use, although the results were
qualitatively similar to those from the
primary analysis. Overall, the longitudinal CT
imaging in a well-characterized cohort of
individuals with COPD provides a unique
opportunity to examine the hypothesis that
metformin ameliorates emphysema.

Conclusions
In this study, we show that in CS-exposed
mice, the therapeutic administration of oral
metformin results in the amelioration of
airspace enlargement, pulmonary
inflammation, SAR, peripheral muscle
dysregulation, and kidney damage, with
evidence of a slower aging process. The
protective effects of metformin in the lung
are associated with the amelioration of
CS-induced mitochondrial metabolism
impairment and ER stress (Figure 8). In
human cells, metformin treatment improves
the metabolic function disrupted by CS. The
AMPK pathway is central to metformin’s
protective action. Importantly, the use of
metformin in selected patients in the
COPDGene study is associated with a slower
emphysema progression that is independent
of confounding factors. For a disease with
many comorbidities in which therapy is
primarily limited to inhaled medications with
limited systemic effects, the potential benefit
provided by a relatively safe oral medicine
seems compelling and worth pursuing in
clinical trials.�
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turn, accelerated lung aging is associated with unfolded protein responses that lead to the
accumulation of misfolded proteins in the cytoplasm that further increase inflammation and ER
stress. All of these factors contribute to the development of emphysema. Metformin protects
the lung against CS-induced pathologies in several ways: the green blocking sign indicates a
facilitative effect of metformin, and the red blocking signs indicate an inhibitory effect from
metformin. ROS= reactive oxygen species.
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