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A ging promotes inflammation, a process contributing to fibrosis and decline in organ function. The release of neutrophil extracellular traps (NETs [NETosis]), orchestrated by peptidylarginine deiminase 4 (PAD4), damages organs in acute inflammatory
models. We determined that NETosis is more prevalent in aged mice and investigated the role of PAD4/NETs in age-related
organ fibrosis. Reduction in fibrosis was seen in the hearts and lungs of aged PAD4−/− mice compared with wild-type (WT)
mice. An increase in left ventricular interstitial collagen deposition and a decline in systolic and diastolic function were present
only in WT mice, and not in PAD4−/− mice. In an experimental model of cardiac fibrosis, cardiac pressure overload induced
NETosis and significant platelet recruitment in WT but not PAD4−/− myocardium. DNase 1 was given to assess the effects of
extracellular chromatin. PAD4 deficiency or DNase 1 similarly protected hearts from fibrosis. We propose a role for NETs in
cardiac fibrosis and conclude that PAD4 regulates age-related organ fibrosis and dysfunction.
Introduction
In both humans and mice, organ function deteriorates during
aging (Biernacka and Frangogiannis, 2011;Wynn and Ramalingam, 2012). This is at least in part caused by fibrosis, an
excessive deposition of extracellular matrix (ECM) components such as collagen (Wynn and Ramalingam, 2012). In this
process, functional parenchymal organ tissue is replaced by
fibrotic tissue, which can severely diminish organ function.
Fibrosis typically results from chronic inflammation induced
by a variety of stimuli, including persistent immune reactions,
radiation, and chemical or mechanical tissue injury (Wynn
and Ramalingam, 2012). In spite of the well-known connection between fibrosis and inflammation, the role of neutrophilic granulocytes in fibrosis in general and in age-related
organ fibrosis in particular remains elusive. In response to activating signals, neutrophils produce reactive oxygen species
(ROS; Clark, 1999), which have been shown to regulate collagen synthesis in cardiac fibroblasts (Siwik et al., 2001; Sirker
et al., 2007), providing a possible link between cardiac fibrosis
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phils increases with age in humans (Ogawa et al., 2008). ROS
also induce neutrophil extracellular trap (NET) formation
(NETosis), a recently described antimicrobial defense mechanism of neutrophils. Here, activated neutrophils release their
chromatin as NETs covered with antimicrobial peptides to
trap and kill pathogens (Brinkmann et al., 2004). This process depends on the enzyme peptidylarginine deiminase 4
(PAD4), which citrullinates specific arginine residues on histone tails, resulting in the chromatin decondensation necessary for the release of NETs (Wang et al., 2009). NETosis also
occurs under noninfectious conditions such as hypoxia (De
Meyer et al., 2012), inflammation, and autoimmune diseases
(Kolaczkowska and Kubes, 2013). NETs are injurious to underlying tissue and are proinflammatory and prothrombotic
(Fuchs et al., 2012; Demers and Wagner, 2013; Martinod and
Wagner, 2014). Using PAD4−/− mice or recombinant human
DNase (rhDNase) 1 infusion (which cleaves NETs) in WT
mice, our group has previously shown that extracellular
DNA/NETs have deleterious effects on heart function in the
setting of acute myocardial injury (Savchenko et al., 2014a),
providing additional evidence for the proinflammatory role
of NETs. NET release is triggered under many pathological conditions, such as deep vein thrombosis (Fuchs et al.,
2010; Brill et al., 2012; Martinod et al., 2013), transfusion-related acute lung injury (Caudrillier et al., 2012; Thomas et
al., 2012), myocardial ischemia/reperfusion (Savchenko et
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Results
Neutrophil susceptibility to form NETs
increases with mouse age
There are many changes that occur in the aging immune system, including an increase in hematopoietic stem cells of the
myeloid lineage versus cells of the lymphoid lineage (Beerman et al., 2010).To further study the effect of aging in mice,
we examined blood and neutrophils from young (8–16 wk)
and old (20–27 mo) mice obtained from the National Institutes of Health’s C57BL/6NIA Aged Rodent Colony. We
were able to confirm that in these mice, neutrophil counts
were elevated with age (Fig. 1 A), along with platelet counts
(Fig. 1 B). More platelet–neutrophil complexes were seen
in older mice than in younger mice, indicating a greater extent of platelet activation and platelet–neutrophil interaction
(Fig. 1 C).We also saw that a higher percentage of circulating
leukocytes were neutrophils in the old mice by immunostaining cytospin preparations of peripheral blood leukocytes
for the neutrophil-specific marker Ly6G (Fig. 1 D). Using citrullinated histone H3 (H3Cit) as a biomarker of PAD4 activity and neutrophil priming for NETosis, we examined basal
levels of circulating H3Cit+ cells and found that a greater percentage of neutrophils were primed toward NETosis in the
old mice (Fig. 1 E).To evaluate whether neutrophils from the
older animals had a greater tendency to release NETs, we isolated peripheral blood neutrophils and stimulated them with
calcium ionophore or PMA. We found that after incubation,
either with or without stimulation, neutrophils from older
mice had a greater propensity to form NETs as quantified by
microscopy (Fig. 1 F).
We then investigated PAD4−/− and WT mice housed in
our animal facility on a C57BL/6J background. Neutrophil
count was similarly elevated in older (14–17 mo old) WT or
PAD4−/− mice compared with younger (6–14 wk old) mice
(Fig. 2 A). Platelet counts were also elevated with age in both
genotypes (Fig. 2 B).These elevations were less dramatic than
those seen in 20–24-mo-old mice in Fig. 1 (A and B), likely
because of their younger age. Neutrophil percentage did not
change with age (Fig. 2 C); however, more circulating H3Cit+
neutrophils were found in old WT mice (Fig. 2 D). Not surprisingly, the percentage of neutrophils forming NETs after
incubation in vitro was also elevated in old WT C57BL/6J
mice (Fig. 2 E). Next, we examined platelet–neutrophil complexes in peripheral blood from these mice and saw an agerelated increase in both WT and PAD4−/− mice. However,
there were significantly fewer platelet–neutrophil complexes
in old PAD4−/− compared with old WT mice (Fig. 2 F). As activated platelets are a physiological trigger of NET formation
via the P-selectin–PSGL-1 interaction (Etulain et al., 2015),
which mediates platelet–neutrophil complex formation, this
may contribute to spontaneous NET formation in older animals. Platelets are also a main source of plasma TGFβ, which
drives fibrosis (Meyer et al., 2012). TGFβ is stored in α-granules in platelets, and upon activation, released TGFβ can be
detected on platelets by flow cytometry. We induced platelet
PAD4 regulates age-related organ fibrosis | Martinod et al.
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al., 2014a), atherosclerosis (Borissoff et al., 2013; Quillard
et al., 2015; Warnatsch et al., 2015), autoimmune diseases
(Radic and Marion, 2013), and cancer (Demers et al., 2012;
Cools-Lartigue et al., 2013), where they significantly contribute to disease progression. Recently, fibroblasts were shown
to undergo transdifferentiation to collagen-depositing myofibroblasts after incubation with NETs in vitro, and NETs were
identified in proximity to α-smooth muscle actin–positive
fibroblasts in tissue sections from patients with fibrotic interstitial lung disease (Chrysanthopoulou et al., 2014).
Both fibrosis and inflammation are closely associated
with aging (Varagic et al., 2001). It is known that elderly persons experience significant changes in the function of their
immune system, including a decline in the adaptive immune
system, which creates an imbalance between adaptive and
innate immune responses (Aw et al., 2007). Generally, aging
leads to a more proinflammatory environment (Meyer et al.,
1998), with higher numbers of neutrophils (Sohal and Weindruch, 1996; Ogawa et al., 2008) along with an increased
susceptibility to pathogens and a higher incidence of inflammatory diseases (Aw et al., 2007), such as neurodegenerative
disorders, rheumatoid arthritis, osteoporosis, diabetes, cardiovascular disease, and thrombosis (Tabas and Glass, 2013).
Intriguingly, many of these illnesses have been reported to
involve NETs (Azevedo et al., 2012; Savchenko et al., 2014a;
Sur Chowdhury et al., 2014; Wong et al., 2015; Zenaro et al.,
2015). Whether NETosis may be more prominent in aging
has not been rigorously evaluated.
Both the heart and the lung appear to be susceptible
to age-related fibrosis in humans and mice. Fibrotic lung
diseases are characterized by enhanced collagen deposition
in the airways, including the alveolar walls, and subsequent
disturbance of pulmonary gas exchange. Excessive fibrotic
tissue remodeling is a predominant feature of many chronic
lung diseases affecting mainly the older population (van
Durme et al., 2009; Afonso et al., 2011; Navaratnam et
al., 2011). In cardiac aging, fibrotic remodeling may lead
to diastolic dysfunction caused by increased ventricular
stiffness and, possibly, systolic heart failure (Wei, 1992),
which is the most common cause of hospitalization in
patients older than 65 yr (DeFrances et al., 2007). Pressure
overload to the left ventricle caused by arterial hypertension or aortic valve stenosis is very common in the elderly
population. Over time, the increase in afterload leads to
myocardial hypertrophy, cardiac fibrosis, ventricular stiffening, and subsequent congestive heart failure (Lorell and
Carabello, 2000), which bears substantial morbidity and
mortality. There is evidence that the fibrotic changes in
afterload-stressed hearts may, at least in part, result from
up-regulation of proinflammatory cytokines in the cardiac tissue (Sun et al., 2007). Given the need for a better
understanding of the complex mechanisms linking inflammation to fibrosis and aging, the goal of this study was to
address the putative interplay between PAD4, NET release,
aging, and organ fibrosis.
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degranulation with a combination of ADP and U46619 (a
thromboxane A2 stable analogue) and quantified the percentage of platelets highly positive for TGFβ (Fig. 2 G). Old
WT but not old PAD4−/− mice had a significant increase in
percent of TGFβ-positive platelets compared with cells from
young mice of either genotype (Fig. 2 G). There is likely increased crosstalk between platelets and neutrophils with aging
that promotes neutrophil activation and other negative consequences associated with increased formation of platelet–leukocyte complexes (Wagner and Frenette, 2008).
These observations indicate that in aging WT mice,
NET formation is likely to be exacerbated by both increased
neutrophil counts and increased neutrophil priming. We hypothesized that increased propensity to NETosis, and the deleterious effects of NET formation, may over time lead to
organ fibrosis and dysfunction and that the organs of animals
not producing NETs would fare better as they aged.
PAD4−/− mice are protected from age-related
decline in heart function
We compared the lung and heart aging process of WT to
PAD4−/− mice that do not make NETs. We performed funcJEM

tional analyses on WT and PAD4−/− retired breeders (12–17
mo old) using age- and sex-matched groups of males and females.The mice were housed in the same animal room and had
received an enriched “reproduction diet” throughout their life.
Both genotypes of mice had normal blood oxygen saturation
(SpO2:WT, 98.5% ± 0.46, n = 6; PAD4−/−, 98.2% ± 0.21, n =
9; P = 0.46).This was expected, as blood oxygenation declines
only in the setting of severe heart or lung failure in mice. We
then used echocardiography to measure structural and functional parameters of the heart in both genotypes (Fig. 3 A).
We evaluated the left ventricular ejection fraction (LVEF) and
found that WT retired breeders showed a decline in their LVEF
to 50.7% (Fig. 3 B), consistent with literature on heart function
in aging WT mice (Yang et al., 1999). Surprisingly, however, old
PAD4−/− retired breeders had a significantly better heart function, with a mean LVEF of 61.2%, comparable with the LVEF
of young mice (Fig. 3 B, first panel). End-diastolic dimensions
of the heart such as the diameter of the interventricular septum (IVS;d), the left ventricular posterior wall (LVPW;d), and
left ventricular inner diameter (LVID;d) were assessed in both
groups of mice (Fig. 3 B) to check for possible significant dimensional differences such as severe ventricular dilation or wall
3
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Figure 1. Increased neutrophil and platelet count, formation of platelet–neutrophil complexes, and neutrophil susceptibility to produce NETs
in aged C57BL/6NIA mice. (A) Neutrophil counts in peripheral blood of young (2 mo) versus old (20–24 mo) WT mice; n = 16–18. (B) Platelet counts in
young (2 mo) versus old (20–24 mo) WT mice; n = 16–18. (C) Quantification by flow cytometry of platelet–neutrophil complexes (CD41+Ly6G+) in whole
blood collected from young (2–3 mo) and old (20–24 mo) mice; n = 7–12. (D) Quantification of Ly6G-positive neutrophils in cytospins of the total leukocyte
population; n = 6–8. (E) Quantification of the percentage of H3Cit-positive neutrophils by thresholding analysis of immunostained cytospins of RBCdepleted blood cells; n = 6–8. In D and E, young mice were 6–8 wk old and old mice were 15–20 mo old. (F) Percentage of NET-forming peripheral blood
neutrophils after incubation with vehicle (unstimulated [US]), 4 µM ionomycin (Iono), or 100 nM PMA for 3.5 h. Neutrophils from old (24–27 mo) mice
formed significantly more NETs under all conditions than neutrophils from young (2–5 mo) mice; n = 5. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student’s
t test. The graphs show mean and SEM from 16–18 (A and B), 7–12 (C), 6–8 (D and E), and 5 (F) mice per group from five (A and B), three (C), or two (D–F)
independent experiments.
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Figure 2. Neutrophils and platelets in aging WT or PAD4−/− C57BL/6J mice. (A and B) Neutrophil (A) and platelet (B) counts in peripheral blood of
young (2 mo) versus aging (14–17 mo) WT or PAD4−/− mice; n = 12–24. (C) Quantification of Ly6G-positive neutrophils in the total leukocyte population;
n = 9–10. (D) Quantification of the percentage of H3Cit-positive neutrophils by thresholding analysis; n = 9–10. (E) Percentage of NET-forming isolated
peripheral blood neutrophils after 3.5 h of ex vivo incubation with vehicle (US), 4 µM ionomycin (Iono), or 200 nM PMA for 3.5 h; n = 8. (F) Quantification
by flow cytometry of platelet–neutrophil complexes (CD41+Ly6G+) in whole blood; n = 7–12. (G) TGFβ expression on activated platelets was determined by
flow cytometric analysis in diluted whole blood stimulated with 10 µM ADP + 3 µM U46619; n = 6–11. Significance was determined by Student’s t test. *, P
< 0.05; **, P < 0.01; ***, P < 0.001. The graphs show mean and SEM from 12–24 (A and B), 9–10 (C and D), 8 (E), 7–12 (F), or 6–11 (G) mice per group from
four (A, B, and F), three (G), or two (C–E) independent experiments.

hypertrophy that could underlie the observed changes in heart
function. None of the measured structural parameters yielded
significant differences between the two genotypes, suggesting
that myocardial contractility and thus heart function itself are
compromised in old WT but not PAD4−/− breeders. Of note,
blood pressure was not significantly different between the two
aged genotypes (WT: 93.38 ± 1.59, n = 9; PAD4−/−: 95.48 ±
2.95 mm Hg, n = 10; P = 0.65).
To eliminate the possible metabolic effects of the reproduction diet received by the retired breeders, we repeated
4

all measurements with 14–18-mo-old WT and PAD4−/−
mice that were allowed to age on standard laboratory diet.
Young, gender-matched mice were 6–8 wk old and housed
in the same animal room. Again, the old WT mice showed a
decline in LVEF (Fig. 3 C) compared with the young WT
mice, with LVEF values similar to those observed in the retired WT breeders. This indicates that the reduction in heart
function in old mice was independent of the dietary factors
in our study. In this second group, the old PAD4−/− mice
again had a significantly higher mean LVEF that was comPAD4 regulates age-related organ fibrosis | Martinod et al.
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Figure 3. PAD4−/− mice are protected from age-related decline in systolic and diastolic heart function compared with WT mice. (A and B) LVEF,
as a measure of systolic function, and cardiac dimensions (IVS;d, LVPW;d, and LVID;d) of WT and PAD4−/− retired breeders (12–17 mo) were measured by
transthoracic echocardiography. (A) Representative ultrasound M-mode images of the left ventricle in an old PAD4−/− mouse compared with an old WT
mouse. D, diastole; S, systole. (B) Quantification of LVEF (left) and cardiac dimensions (right panels) in WT and PAD4−/− retired breeders; n = 7–11. (C) The
same echocardiographic measurements of LVEF (left) and cardiac dimensions (right) were repeated in a group of young (6–8 wk) and old (14–18 mo) WT
and PAD4−/− mice that had been kept on standard laboratory diet; n = 4–7. (D and E) Ventricular diastolic dysfunction was evaluated in young WT and
PAD4−/− (6–8 wk) mice as well as old WT and PAD4−/− mice (15–20 mo). The flow pattern across the mitral valve was assessed using pulsed wave Doppler
mode, and the ventricular filling pattern was calculated as the ratio between the E and A wave. (D) Characteristic images of pulsed wave Doppler measurements of the E and A wave showed a normal E/A pattern (E > A) in the old PAD4−/− mice and a reversed pattern (E < A) in the old WT mice (A was taller than
JEM
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PAD4−/− mice have significantly less interstitial myocardial
fibrosis than age-matched WT mice
Collagen content increases with age in human hearts (Gazoti
Debessa et al., 2001). Age-related structural remodeling of the
human heart and decline of heart function is associated with
cardiomyocyte hypertrophy and interstitial fibrosis. In young,
healthy hearts, myocytes and myocardial bundles are surrounded by thin layers of connective tissue: the endomysium
and perimysium, respectively. In contrast, with age, ECM
proteins accumulate in the interstitium and result in endomysial and perimysial fibrosis (Biernacka and Frangogiannis,
2011). We therefore assessed cardiac fibrosis for both WT and
PAD4−/− genotypes in the retired breeders and also in the old
nonbreeders and young mice.
We harvested the hearts of WT and PAD4−/− retired
breeders (n = 6) and assessed interstitial heart fibrosis by
Sirius red stain, which is used to identify and quantify collagen in cardiac tissue (Fig. 4, A–D; Junqueira et al., 1979;

Namba et al., 1997; Ammarguellat et al., 2001). We used
this microscopy-based approach so that perivascular staining could be distinguished and excluded from this analysis. Interestingly, WT retired breeders showed significantly
more interstitial fibrosis than the age-matched (12–17 mo)
PAD4−/− breeders (Fig. 4, A and D). In contrast to WT,
collagen fibers in the PAD4−/− breeder hearts were mainly
located in proximity to vessels, with only a scattered
pattern of focal interstitial fibrosis (Fig. 4 D, right). We
performed the same analysis in the old WT and PAD4−/−
nonbreeders and found a similar difference between the
WT and PAD4−/− mice (Fig. 4 B). Additionally, the hearts
of young WT and PAD4−/− mice were assessed to determine whether a fibrosis difference between the genotypes
was already present at an early age. At 6–8 wk, WT and
PAD4−/− mice had comparably low interstitial heart fibrosis (Fig. 4, B and C). Therefore, the observed difference
between WT and PAD4−/− mice was indeed an age-related
phenomenon. Remarkably, in the old PAD4−/− nonbreeders, the amount of fibrotic tissue remained similar to that
of young PAD4−/− or WT mice (Fig. 4 B), indicating that
those old mice were protected from age-related myocardial
interstitial fibrosis. Increased fibrosis in old WT compared
with old PAD4−/− myocardium could also be observed
qualitatively by Masson’s trichrome staining (Fig. 4 D,
right), another type of staining commonly used to visualize
collagen and fibrotic tissue changes (Bancroft and Gamble,
2008; Savchenko et al., 2014b). We immunostained cryosections of hearts from old WT and PAD4−/− mice with an
antibody specific for type I collagen to confirm that these
interstitial fibers indeed contained collagen (Fig. 4 E).
To address whether the observed difference in fibrosis
between old WT and old PAD4−/− mice was associated with
the difference of heart function between the two genotypes,
we correlated myocardial fibrosis and LVEF of all mice. Indeed, the correlation analysis showed a significant (P < 0.02)
negative correlation, with a Pearson correlation coefficient
(r) of −0.42 (Fig. 4 F). Although this result does not exclude
additional factors in the development of heart dysfunction, it
is thought that fibrosis determines tissue properties such as
stiffness (Wei, 1992; Biernacka and Frangogiannis, 2011) and
thus cardiac function in these mice.
Age-related interstitial pulmonary fibrosis is reduced in
PAD4−/− mice compared with WT mice
The lung is an organ highly susceptible to fibrosis (van
Durme et al., 2009; Navaratnam et al., 2011). We performed
histological analyses on WT and PAD4−/− retired breeders.
The lungs of retired PAD4−/− breeders showed significantly
less interstitial fibrosis compared with WT retired breeders, as

E), leading to a ratio of <1. (E) Quantification of the E/A ratio in young and old WT and PAD4−/− mice. An E/A ratio <1 is evidence of impaired ventricular
relaxation; n = 4–6. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann–Whitney U test. The graphs show mean and SEM from 7–11 (A and B), 4–7 (C), and 4–6
(D and E) mice per group from four (A and B) or two (C–E) independent experiments.
6
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parable to the means seen in young PAD4−/− or WT mice
(Fig. 3 C, first panel). This corroborates that PAD4−/− mice
are protected from an age-dependent decline in heart function. Measurement of structural parameters again showed
similar heart dimensions for old WT and PAD4−/− mice
on standard diet, with no significant differences for IVS;d,
LVPW;d, and LVID;d (Fig. 3 C).
In contrast to the notable decline in LVEF seen in mice
with old age, in humans, age-associated decline of heart function is mostly associated with diastolic dysfunction (Pugh and
Wei, 2001; Loffredo et al., 2014). For that reason, we evaluated
signs of diastolic dysfunction in a set of old WT (14–20 mo)
and old PAD4−/− (18 mo) mice on standard diet and compared with young WT and PAD4−/− (2 mo) mice. Specifically,
the diastolic mitral inflow pattern was measured by echocardiography (Fig. 3, D and E), and the ratio between the E-wave
(representing the early, passive filling of the ventricle) and the
A-wave (representing the active filling of the ventricle by the
atrial contraction) was calculated. Generally, an E/A ratio of
less than 1 is considered a sign of impaired ventricular relaxation and, hence, diastolic dysfunction, which can be caused
by increased stiffness of the heart. In the old WT nonbreeder
mice, the mean E/A ratio was 0.83, corroborating our previous observation of heart dysfunction in these mice (Fig. 3, D
[left] and E). In contrast, none of the PAD4−/− old nonbreeders showed signs of diastolic dysfunction; the mean E/A ratio
was 1.44 and significantly higher compared with old WT
mice (Fig. 3, D [right] and E). Unlike the old WT mice, old
PAD4−/− mice did not have a significant decline in E/A ratio
compared with young PAD4−/− mice. Thus, in the PAD4−/−
mice, healthy heart function was preserved in old age.
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assessed by Masson’s trichrome stain (Fig. 5 A) and confirmed
by hydroxyproline assay in lung homogenates (Fig. 5 B).
In the old mice on standard laboratory diet, the difference between genotypes was also highly significant (Fig. 5, C
and D). Compared with young mice, both WT and PAD4−/−
old mice showed an age-related increase in collagen deposition in the lung (Fig. 5 D). However, in the WT mice, this
increase was more pronounced. Therefore, the age-related
fibrosis was in part dependent on PAD4 expression. Respiration exposes the airways of the lung to the outside world,
and minor infections or inhalation of particulate matter may
JEM

contribute to injury, leading to fibrosis. However, PAD4 deficiency significantly reduced fibrosis in aging lungs.
Thus, our data show that aging is associated with an increase of interstitial fibrosis in different organs as determined
by two different histochemical stains for collagen and confirmed by immunofluorescent staining. PAD4−/− mice were,
to a great degree, protected from this age-associated fibrosis.
PAD4 mRNA expression is low in heart and lung tissue
As the mice we are studying are PAD4 null in all cells, we
sought to better understand the level of PAD4 expression in
7
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Figure 4. PAD4 deficiency reduces agerelated cardiac fibrosis. (A) Cardiac interstitial fibrosis was assessed by Sirius red staining for collagen fibers in sections of the left
ventricle of the heart of WT and PAD4−/− retired breeders (12–17 mo). The percentage of
fibrotic (red) area in the heart tissue was quantified by ImageJ, excluding perivascular fibrosis. In PAD4−/− retired breeders, there was
significantly less interstitial fibrosis than
in WT retired breeders; n = 6. (B) The same
analysis was performed for young (6–8 wk)
WT and young PAD4−/− mice as well as for
old (14–18 mo) WT and old PAD4−/− mice on
standard diet. Quantification of Sirius red
staining again showed less fibrosis in the
old PAD4−/− mice compared with the old WT
mice. In old PAD4−/− mice, the percentage of
interstitial collagen remained comparable with
young PAD4−/− mice; n = 7–8. (C and D) Representative Sirius red (left; collagen fibers are
red) and Masson’s trichrome (right; collagen
fibers are blue) staining in young (C) and old
(D) WT or PAD4−/− mice. Arrowheads point to
interstitial collagen fibers. (E) Representative
immunofluorescent staining for type I collagen in old WT or PAD4−/− mouse hearts. Bars:
(C and D) 100 µm; (E) 10 µm. (F) Correlation
analysis including all experimental groups between the degree of fibrosis (%) as determined
by Sirius red staining, and ejection fraction (EF;
%; Spearman r coefficient = −0.42, P = 0.014).
*, P < 0.05; **, P < 0.01 by Mann–Whitney U
test (A and B) or nonparametric correlation
analysis (F). The graphs show mean and SEM
from six (A, C, and D), seven to eight (B), or
four (E) mice per group from two independent
experiments. F shows a correlation analysis of
all experimental groups from A and B.
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Figure 5. Old PAD4−/− mice have significantly less collagen staining in their lungs than old WT mice. (A) The percentage of collagen-positive area
in lung tissue of WT and PAD4−/− retired breeders (12–17 mo) was quantified using Masson’s trichrome stain for collagen and subsequently color gating
for blue fibers; n = 6–7. (B) Measurement of hydroxyproline content in the right lung was performed; n = 5–9. (C) The same analysis as in A for collagen
fibers within the lung tissue was performed for young (6–8 wk) WT and PAD4−/− mice and old (14–18 mo) WT and PAD4−/− mice; n = 4. (D) Representative
photographs of lung sections stained with Masson’s trichrome stain are shown. Bar, 20 µm. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 by Mann–Whitney
U test. The graphs show mean and SEM from six to seven (A), five to nine (B), or four (C and D) mice per group from three (A), one (B), or two (C and D)
independent experiments.

different organs. PAD4 is highly expressed in granulocytes but
may also be expressed to some level in many tissues (Asaga et
al., 2001; van Beers et al., 2013) and is up-regulated in various
tumors (Chang and Han, 2006). We performed quantitative
real-time PCR analysis and found that PAD4 mRNA levels were high in tissues with abundant neutrophils, including bone marrow and spleen (Fig. 6 A), but also in colon,
skin, and thymus. In comparison, liver, heart, and lung had
relatively little to no expression of PAD4 (Fig. 6, A and B),
comparable to background of PAD4−/− bone marrow. Therefore, we consider it unlikely that intrinsic PAD4 expression
within the cells of the heart or lung is responsible for the fibrotic changes we saw in these organs with age.We compared
8

PAD4 mRNA expression in aged animals and found a slight
increase in old animals in lung tissue but not in the heart
(Fig. 6 C). We also did not observe a significant increase in
PAD4 mRNA expression in isolated neutrophils from young
or old mice (Fig. 6 C). Hence, an increase in this gene’s transcription was not responsible for the elevated NETosis seen in
isolated neutrophils from old mice in vitro.
DNase administration and PAD4 deficiency similarly protect
from cardiac damage in the pressure-overloaded heart
Although expression of PAD4 is very low in the heart (Fig. 6),
we wanted to convince ourselves that extracellular chromatin
generated by PAD4 activity actually induces fibrosis. However,
PAD4 regulates age-related organ fibrosis | Martinod et al.
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identifying NET formation that may occur intermittently
during the aging process is not experimentally feasible. We
therefore opted to study a classic model of heart fibrosis, ascending aortic constriction (AAC), which results in heart failure and myocardial fibrosis in young animals (Tarnavski et al.,
2004), using 2-mo-old WT and PAD4−/− mice. In parallel, a
group of WT mice subjected to AAC was treated with DNase
1, which promotes the clearance of extracellular chromatin,
such as that produced by NETosis (Hakkim et al., 2010).
Invasion of inflammatory cells into the perivascular
myocardial tissue has been observed shortly after induction of
aortic stenosis in mice (Weisheit et al., 2014), but NETosis has
not been examined in this model. To do this, we subjected a
JEM

group of WT or PAD4−/− mice to AAC for 1 d, digested the
hearts, and analyzed infiltrating CD45+ leukocytes by flow
cytometry (Hilgendorf et al., 2014). A significantly elevated
number of neutrophils (CD11b+Ly6G+ cells; Fig. 7 A) and
NETting (undergoing NETosis) neutrophils (Ly6G+H3Cit+;
Fig. 7 B; Gavillet et al., 2015) were identified in the hearts of
WT but not PAD4−/− mice that had undergone AAC compared with sham-operated controls. As this flow cytometric
approach requires some processing time that could be allowing for ex vivo NET formation, we also analyzed snap-frozen
tissue for the presence of NETs by histology in mice immediately perfused after euthanasia. In WT mice subjected to AAC,
we identified extracellular H3Cit originating from Ly6G+
9
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Figure 6. Cardiac and lung tissue have low PAD4 mRNA expression compared with other organs in young and old mice. (A) Quantitative real-time
RT-PCR analysis was performed for PAD4 mRNA expression in various tissue types from WT mice. Fold expression was calculated with actin B and hypoxanthine-guanine phosphoribosyltransferase (hprt) as reference genes and normalized to PAD4−/− bone marrow; n = 5. (B) PCR product size and specificity after
amplification was verified by conventional PCR on an agarose gel. A representative photograph is shown. (C) Quantitative real-time PCR analysis of PAD4
mRNA expression in young (2 mo) compared with old (20–25 mo) WT C57BL/6NIA mice. Fold expression was calculated with gapdh and hprt as reference
genes and normalized to PAD4−/− bone marrow; n = 5. *, P < 0.05 by Student’s t test. The graphs show mean and SEM from five (A and C) or three (B) mice
per group from two independent experiments.
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Figure 7. NETosis occurs in the pressure-overload
mouse model of cardiac fibrosis. WT or PAD4−/− mice
were subjected to AAC or to sham surgery, and 1 d
later, cellular composition of the left ventricle was
analyzed by flow cytometry. (A and B) Neutrophils
were identified as CD45.2+CD11b+Ly6G+ cells (A), and
neutrophils undergoing NETosis were identified within
this gated population as H3Cit+ (B); n = 3–7. *, P <
0.05; **, P < 0.01; ***, P < 0.001 by Student’s t test.
(C) Representative immunofluorescence staining images. NETs (arrows) and hypercitrullinated histone H3
(H3Cit)–positive neutrophils (asterisks) were present in
WT but not PAD4−/− hearts 1 d after AAC. Bars, 10 µm.
The graphs show mean and SEM from three to seven
mice per group in two independent experiments.
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neutrophils (Fig. 7 C, arrows), as well as neutrophils in earlier
stages of NETosis, where histone H3 is hypercitrullinated in
nuclei (Fig. 7 C, asterisks). Neither was present in hearts of
PAD4−/− animals that had undergone AAC (Fig. 7 C). This
confirmed neutrophil recruitment and NETosis in the AAC
model. This also showed that PAD4 was responsible for histone H3 citrullination, as other PAD enzymes are present in
neutrophils and cells from cardiac tissue itself. These enzymes
could have been released by the pressure overload and citrullinated extracellular chromatin originating from cell death
10

other than NETosis. Flow cytometry showed that NETting
neutrophils were still present, but fewer in number, at 3 d after
AAC in WT hearts (neutrophils: AAC, 2,939 ± 353.4, n = 5;
sham-operated, 198.1 ± 40.5, n = 4; P = 0.0003; NETs: AAC,
569.8 ± 114.3, n = 5; sham, 69.5 ± 38.6, n = 4; P = 0.007).
Therefore, NET formation occurs transiently in this model
that is dependent on recruitment of inflammatory cells.
It has been reported that platelets are the main source
of fibrosis-promoting TGFβ in a similar aortic constriction
model (Meyer et al., 2012), and NETs recruit platelets (Fuchs
PAD4 regulates age-related organ fibrosis | Martinod et al.
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gregates (arrows) in WT hearts compared with PAD4−/− hearts. Bars, 10 µm.
The graph shows mean and SEM from three to seven mice per group in two
independent experiments.
11
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Figure 8. Platelet aggregates form within AAC hearts to a greater
extent in WT than PAD4−/− mice. (A) Quantification of platelet aggregates (CD41-positive staining) in mice subjected to AAC or a sham operation and perfused immediately after euthanasia. Five fields of view were
imaged and analyzed per heart section using a 10× objective; n = 3–7. *,
P < 0.05; **, P < 0.01 by Student’s t test. (B) The top panel shows a representative image of sham-operated WT mouse heart immunostained with
anti-CD41 antibody to identify platelets. The middle and bottom panels
show representative images of the relative presence of CD41+ platelet ag-

et al., 2010). We were therefore interested in assessing the
platelet response and recruitment in this model. By immunostaining for the platelet-specific integrin αIIb (CD41),
we identified areas of platelet accumulation in the hearts of
perfused mice by histology, which we quantified (Fig. 8 A).
Both WT and PAD4−/− mice had an elevation in platelet
aggregates compared with sham mice. However, WT hearts
recruited significantly more platelets than PAD4−/−. Representative images are shown in Fig. 8 B. Thus, a lack of NETs
in PAD4 deficiency may be attenuating platelet accumulation
in this model and with it local TGFβ production.
We next wished to assess the long-term effect of PAD4
deficiency or DNase treatment in the AAC model. WT and
PAD4−/− mice underwent AAC and were injected with saline
for 7 d. In parallel, a set of WT mice underwent AAC but
were injected with rhDNase 1 for 7 d to degrade NETs. We
evaluated heart structure and function by echocardiography
for 4 wk. PAD4−/− mice were protected from the decline in
LVEF seen in WT mice at early (3 and 7 d) and also late (28 d)
time points (Fig. 9 A). rhDNase 1–treated mice had an initial
decline in LVEF at days 3 and 7. By 28 d, these mice had significantly improved LVEF compared with WT mice treated
with saline, and LVEF was not different from PAD4−/− mice
(Fig. 9 A). For reference, LVEF values for sham-operated animals are depicted in gray at the respective time points. Structural parameters were unchanged among groups (Fig. 9, B–D).
Collagen content was assessed histologically using Masson’s trichrome stain after 28 d (Fig. 9 E), a time sufficient for
development of cardiac fibrosis in this model (Namba et al.,
1997). Quantification of the stained tissue sections revealed
that although WT mice had substantial collagen deposition,
PAD4−/− mice or DNase-treated mice had only focal traces of
collagen in the interstitial space of the myocardium (Fig. 9 F).
The presence of collagen was similarly low in PAD4−/−
mice and DNase 1–treated WT mice, within the range of
sham-operated WT animals in both groups. PAD4−/− mice
also had significantly less perivascular fibrosis than WT mice
(Fig. 9 G). Of note, perivascular fibrosis does not generally
correlate with either interstitial fibrosis or ejection fraction
in patients with nonischemic heart failure (Dai et al., 2012).
Collectively, these results indicate that PAD4 and extracellular DNA contribute to the deposition of collagen in this
experimental model of cardiac fibrosis. Because the presence
of extracellular DNA/chromatin participated in the induction of collagen deposition in this model, it is more likely
that PAD4-mediated NETosis rather than PAD4-mediated
changes in gene transcription were responsible. The presence
of PAD4 also enhanced neutrophil and platelet recruitment,
which may increase inflammatory collateral damage and
TGFβ delivery, thus promoting fibrosis.
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Figure 9. Extracellular DNA/PAD4 contribute to cardiac damage in the pressure-overloaded heart. WT and PAD4−/− mice were subjected to AAC
and underwent echocardiography 3, 7, or 28 d after surgery. Mice received either vehicle or rhDNase 1 administration every 12 h for the first 7 d. (A) LVEF
measurements in WT, PAD4−/−, or rhDNase 1–treated mice. Range of ejection fraction values (n = 4) from sham-operated animals at each respective time
point are shown in gray. The structural parameters IVS;d (B), LVPW;d (C), and LVID;d (D) were similar between all groups. (E–G) Mice were euthanized 28
d after AAC induction for fibrosis analysis. (E) Representative composite images (top) or high magnification (bottom) of the left ventricle stained with
Masson’s trichrome. Bar, 100 µm. (F) Quantification of interstitial fibrosis in images of Sirius red–stained heart tissue; n = 6–11. The range of values for per12

PAD4 regulates age-related organ fibrosis | Martinod et al.

Published December 28, 2016

quate care for our rapidly aging population. Aging can cause
myocardial damage via excessive ROS production by mitochondria-rich cardiomyocytes (Dai and Rabinovitch, 2009),
and extracellular ROS augment neutrophil–endothelial interactions (Patel et al., 1991).We have shown in an acute model of
myocardial ischemia/reperfusion (MI/R) injury (Savchenko
et al., 2014a) and now also in the aortic constriction model
of cardiac pressure overload that extracellular chromatin is injurious to the heart and detrimental to its function. We were
thus interested if in old age, where we saw priming for NETosis, heart function could be affected. To approach this, we
used PAD4−/− mice, which are deficient in NETosis. Interestingly, we observed a significant difference between both
the systolic and the diastolic functional measurements in old
WT versus old PAD4−/− mice. WT mice had an expected
age-related decline in heart function (Dai and Rabinovitch,
2009), with values very similar to those previously reported in
the literature (Yang et al., 1999). Surprisingly, heart function
in the old PAD4−/− mice remained comparable to that of
young mice, both for systolic (LVEF) as well as diastolic (E/A
ratio) parameters. Therefore, the aging mouse heart could be
undergoing chronic injury caused by interstitial NET formation over time, negatively affecting heart function, particularly in the old mice. NETs and NET-mediated collateral
injury may recruit platelets and help to initiate and propagate
chronic inflammatory processes, consequently accelerating
the onset of aging. The old heart may reflect the life history of insults during which NETs were produced and left
a scar. Interestingly, there is increasing evidence that childhood infections (that could induce NETs) may cause health
problems in adulthood and in old age (Bengtsson and Lindstrom, 2003; Finch and Crimmins, 2004; National Institute
on Aging, 2011).Thus, an infection may initiate an injury that
will be aggravated by aging.
We assessed interstitial fibrosis in old and young WT
mice. We found an increase in interstitial fibrosis in the old
WT mice. Nevertheless, such an age-related increase was reduced (in the lung) or absent (in the heart) in old PAD4−/−
mice. Although collagen and other ECM components play
an important role in maintaining tissue integrity and provide
“healthy signaling,” it is likely that excessive ECM accumulation reduces ventricular compliance and impairs cardiac function, both diastolic and systolic (Biernacka and Frangogiannis,
2011), as we have seen in the old WT mice. The extent of
interstitial fibrosis observed in aged hearts correlated inversely
with LVEF, indicating that indeed myocardial fibrotic changes
are a relevant factor in age-related functional decline.
Different organs may be differentially affected by PAD4
deficiency. In the lung, the age-related fibrosis we observed
was only in part dependent on PAD4 expression. However,

centage of collagen in sham-operated animals is represented by the gray-shaded area. (G) Perivascular fibrosis, quantified as the ratio of collagen-positive
area to total vessel area. At least eight vessels were quantified per mouse; n = 6–11. *, P < 0.05; **, P < 0.01 by Student’s t test. The graphs show mean and
SEM from n = 4–11 mice per group from three independent experiments.
JEM
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Discussion
In older persons, the balance between innate immunity and
adaptive immunity shifts toward innate immunity, with a decrease in lymphocytes that may be accompanied by an increase in neutrophil counts (Cakman et al., 1996; Schröder
and Rink, 2003). We saw increases in both neutrophil and
platelet counts in our aged animals, as well as in platelet–
neutrophil complexes. Moreover, activation of platelets
through TLR4 or thrombin receptors and their subsequent
interactions with neutrophils stimulate NETosis in mice
(Clark et al., 2007; Etulain et al., 2015). Therefore, a NET-inducing trigger could be further propagated by the increased
platelet count, and increased platelet recruitment by NETs
could promote fibrosis via TGFβ release (Meyer et al., 2012).
In our study, the propensity of neutrophils from older
mice for PAD4-mediated histone citrullination and NET formation was significantly elevated compared with young mice
after exposure to PMA, a ROS-dependent inducer of NETosis, or ionomycin, a ROS-independent inducer of calcium influx and PAD4 activation (Parker et al., 2012).This neutrophil
priming by aging was clearly seen even without stimulation,
as neutrophils from aged mice had higher baseline values of
H3Cit and produced more NETs after isolation. We determined this in two independent strains of C57BL/6 mice:
C57BL/6J and C57BL/6NIA.To our knowledge, priming for
NETosis of peripheral blood neutrophils in an aging host has
not been previously observed. Interestingly, it was recently reported that older neutrophils in the bloodstream have a more
proinflammatory phenotype with enhanced NET formation
(Zhang et al., 2015), which raises the question whether this
population may be increasing in aging individuals.
In spite of their proposed protective role in infectious
diseases (Brinkmann et al., 2004), NETs and their components are cytotoxic, proinflammatory, and prothrombotic (Xu
et al., 2009; Fuchs et al., 2010; Demers et al., 2012). Elevated
levels of NETs or their biomarkers are associated with several
noninfectious diseases such as autoimmune disease (Kessenbrock et al., 2009; Hakkim et al., 2010; Dwivedi et al., 2012),
arteriosclerosis (Borissoff et al., 2013; Quillard et al., 2015),
cancer (Demers et al., 2012), deep vein thrombosis (Brill et al.,
2012; Diaz et al., 2013), and myocardial infarction (Savchenko
et al., 2014a), all of which present a growing challenge to the
health care system as the incidence of these diseases increases
dramatically with population age. In many cases, NETs contribute to the disease process or its complications. Therefore,
these could be exacerbated by excessive NETosis in aging
animals and possibly humans.
Excessive NETosis may also impact organ function, such
as that of the heart. Understanding the mechanisms leading to
age-related organ dysfunction is essential for providing ade-
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heart is protected early and also late because they are protected
from excess interstitial and perivascular collagen deposition. It
appears that never forming NETs (as with PAD4 deficiency)
is better for the heart in the first week of AAC than clearing
them once already formed with DNase. However, digestion
of NETs with DNase helps to prevent long-term fibrosis to a
similar extent as not expressing PAD4 (day 28).
Chronic elevation of NET components in tissue may
lead to repeated injury and the formation of excess matrix.
Indeed, polymorphisms in DNase 1 within the human population resulting in a decrease of activity (and therefore a
defect in NET degradation) are associated with an increased
risk of myocardial infarction (Kumamoto et al., 2006). It
is possible that reduced DNase 1 activity may promote
organ fibrosis, whereas elevation of DNase 1 is protective.
The NET-inducing events that might contribute to organ
dysfunction include hypoxia, mechanical injury, and various
types of infections. As humans are much more exposed to
such stressors than mice living in a protected specific pathogen–free environment, one would expect the unfavorable
effects of life to be of even more consequence in humans
than in laboratory mice.
Our study on aging in mice suggests that limiting PAD4
activity and excessive NET production in known NETinducing conditions, especially in old age, could be beneficial. This could be especially relevant in acute situations
leading to myocardial injury by infection, such as myocarditis and septic cardiomyopathy, or by elevated heart strain
as it occurs in hypertensive crisis, myocardial infarction, and
pulmonary embolism. Acute events leading to respiratory
distress and detrimental NET production such as transfusion-related acute lung injury (Caudrillier et al., 2012;
Thomas et al., 2012) or secondary infections accompanying
influenza (Pillai et al., 2016) may also benefit. In addition
to these rather severe settings, the sum of minor injuries,
such as by respiratory infections, over a lifetime may lead
to a fibrotic condition. NET-targeted therapeutics could
involve digesting NETs with DNases, inhibiting their formation with PAD4 inhibitors or neutralizing their toxic
components, such as histones or elastase (Xu et al., 2009;
Martinod and Wagner, 2014). These short-term treatments
may have positive long-term effects on organ function, and
perhaps even on longevity of individuals, and thus their investigation is worth pursuing.
Materials and methods
Animals
20–27-mo-old C57BL/6NIA mice for in vitro NETosis studies were obtained from the Aged Rodent Colony
of the National Institute on Aging of the National Institutes of Health, maintained at Charles River Laboratories.
Young mice (8–16 wk old) for these experiments were obtained from the same colony.
PAD4−/−, originally generated by Y. Wang (Pennsylvania State University, College Park, PA), and correspondPAD4 regulates age-related organ fibrosis | Martinod et al.

Downloaded from on January 10, 2017

even in the old lungs, PAD4 deficiency significantly reduced
fibrosis, which might lead to improved lung performance. A
recent study (Chrysanthopoulou et al., 2014) showed that
NETs promoted differentiation of lung fibroblasts in culture
into a myofibroblast phenotype, which increased connective
tissue growth factor expression, collagen production and fibroblast proliferation/migration. NETs may similarly modify
the cellular behavior in vivo, thus promoting fibrosis. Furthermore, neutrophil elastase, a protease that is released along
with NETs with its activity maintained (Kolaczkowska et al.,
2015), has been shown to directly contribute to lung fibrosis
after bleomycin-induced lung injury (Chua et al., 2007). One
could speculate that reduction of NETosis by PAD4 inhibition or destruction of NETs by DNase during a major lung
infection or after a lung injury might prevent the initiation of
future chronic fibrotic disease.
The striking reduction of interstitial collagen in
PAD4−/− mice and the protection from heart malfunction
raised the question as to why PAD4−/− mice would be protected from fibrosis in old age. Apart from its role in histone
hypercitrullination during NETosis, PAD4 is involved in
gene expression by regulating histone methylation (Wang et
al., 2004). We have now shown that PAD4 is only weakly, if
at all, expressed in cardiac tissue. Together with our results
with DNase 1 infusion in the AAC model showing that it
is extracellular DNA that promotes fibrosis, we think that in
the fibrotic process, PAD4 regulates NETosis. This does not
exclude that there could be contributing changes in gene expression in the organ tissue itself caused by PAD4 deficiency,
especially in aged mice. PAD4, through demethylation of histone arginines, has been shown to repress p53 target gene
expression (Li et al., 2008), and thus, its deficiency could have
further effects in aging that should be investigated. One of
the main regulators of fibrosis is TGFβ. Platelets are a significant source of TGFβ, and NETs promote recruitment and
activation of platelets (Fuchs et al., 2010). The finding that
more platelets express TGFβ with the same stimulus in old
WT mice is also intriguing in this context.
In the experimental cardiac fibrosis model, it is important to distinguish between changes in function at early versus late time points, as fibrosis develops only after 10–14 d
(Higashiyama et al., 2007). We believe that in the first week,
the heart undergoes functional changes through NET toxicity and microvessel dysfunction because of the initial pressure
overload injury/inflammation. This inflammation is likely
directly damaging cardiomyocytes, leading to poor function
early on. As we show, inflammation decreases after that, but
then the fibrotic response to the inflammation/injury develops, keeping heart function down at day 28. Therefore in a
fully resolved acute inflammatory response, ejection fraction
could theoretically recover if the heart remodeled back to its
original state. In WT mice, however, this remodeling is impaired by excessive ECM/collagen deposition, and therefore,
function either continues to decline or remains lowered to 28
d. PAD4−/− mice have less initial inflammation, and thus, their
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ing WT mice were on a C57BL/6J background. Retired
breeders had been kept on LabDiet PicoLab Mouse Diet 20,
which is fortified with a higher fat content for growth and
reproduction (21.635% calories provided by fat), from 6–10
wk of age until the time of sacrifice. Nonbreeders and all
young mice were kept on a standard laboratory diet (LabDiet Prolab IsoPro RMH 3000, 14.276% calories provided
by fat) throughout their life. Young animals were 6–8 wk
old, retired breeders were 12–17 mo old, and old mice that
had been kept on standard laboratory diet were 14–18 mo
old. The old mice used for the diastolic measurements were
18 mo old for the PAD4−/− mice and between 15 and 20
mo old for the old WT mice, whereas young mice in this
experiment were 8 wk old.
All groups were age and sex matched and were fed ad
libitum with free access to water. All experimental procedures
were reviewed and approved by the Institutional Animal Care
and Use Committee of Boston Children’s Hospital (protocol
nos. 14-03-2631R and 14-02-2609R).

Peripheral blood neutrophil isolation and NET induction
Peripheral blood neutrophils were isolated as described previously (Demers et al., 2012) and stimulated with 4 µM calcium
ionophore or 100 nM PMA for 3.5 h. Cells were fixed with
2% (vol/vol) paraformaldehyde, and DNA was stained with
Hoechst 33342 (Invitrogen) for visualization of NETs using
an epifluorescent Axiovert microscope (ZEISS). NETs were
counted from five distinct fields of view in triplicate wells
and expressed as percentage of NET-forming cells per total
number of cells in the field.
Pulse oximetry
Peripheral capillary oxygen saturation was measured under
conscious condition in mice that were previously trained to
wear neck collars. This was done using the rodent pulse oximeter sensor Mouse Ox system (Starr Life Sciences), and a
mean value over 10 min was used for analysis.
JEM

Blood pressure measurements
Systolic blood pressure was measured using an IITC
12M22931 noninvasive blood pressure system (IITC Life
Science). Mice were trained twice several days before the
measurements to accustom them to measurement conditions.
For measurements, the mice were placed into restrainers and
allowed to settle down for 10 min. Systolic blood pressure
was determined by the tail cuff in a chamber at 34°C. Blood
pressure was measured five times, and the mean of the obtained values is presented.
Histology
Anesthetized mice were sacrificed by cervical dislocation, and
lungs and hearts removed and preserved in 10% neutral buffered formalin solution for at least 24 h. Organs were embedded
in paraffin, sectioned, and rehydrated. To assess collagen content in heart tissue, Sirius red staining solution was prepared
with 0.5 g Direct Red 80 (Sigma-Aldrich) powder in 500 ml
of a saturated aqueous solution of picric acid (Sigma-Aldrich).
Sirius red stains collagen I, II, and III by reacting, via its sulfonic acid groups, with basic groups of the collagen molecule
(Junqueira et al., 1979). Slides were stained for 60 min, washed
twice in acidified water (5% vol/vol acetic acid), dehydrated,
and mounted using a resinous mounting medium. At least five
photographs of left ventricular heart tissue were taken at 250
magnification in bright-field microscopy in a blinded manner.
The content of red fibers (collagen) per section was determined
using ImageJ software, perivascular fibrosis was excluded from
the calculation. We confirmed the presence of collagen with
polarized light filters to visualize birefringence. A subset of
slides was stained with Weigert’s hematoxylin before Sirius red
staining and was used for the generation of representative pictures of heart tissue. For quantification, slides without nuclear
staining were used to avoid interference of hematoxylin with
the quantification algorithm. Mosaics of representative areas
of the left ventricle were generated using the MosaicJ plugin
of ImageJ (Thévenaz and Unser, 2007). For trichrome staining
of lung tissue, the Masson trichrome stain kit (Sigma-Aldrich)
was used according to the manufacturer’s protocol. Nuclei
were not stained with hematoxylin to avoid interference with
15
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Analysis of peripheral blood and cytospin
Blood was collected from anesthetized mice via the retroorbital sinus into EDTA-coated capillary tubes and
was analyzed by a Hemavet 950FS (Drew Scientific)
for complete blood counts.
25 µl whole blood was incubated in ACK (ammonium
chloride potassium) lysis buffer for 10 min on ice and then
cytocentrifuged using a Statspin Cytofuge 2. Samples were
immediately fixed in 4% paraformaldehyde for 2 h at room
temperature and then immunostained for H3Cit and Ly6G
(clone 1A8) as previously described (Demers et al., 2012).
Images were acquired of cells from 10–15 fields of view at
200 magnification using a ZEISS Axiovert 200m inverted
epifluorescence microscope and ZEISS AxioVision software.
Thresholding analysis was performed using ImageJ software
(National Institutes of Health) to calculate the population of
H3Cit-positive neutrophils in each sample.

Echocardiography
Cardiac function and heart dimensions were measured as described previously (Savchenko et al., 2014a). The M-mode
was used to evaluate left ventricular internal dimension
(LVID), left ventricular interventricular septum (LVIS), and
left ventricular posterior wall thickness (LVPW) at end diastole and end systole. Echocardiograms were stored digitally,
and ejection fraction (LVEF; percentage of blood volume
ejected from the left ventricle with each heartbeat) was calculated using Vevostrain software. Flow pattern across the mitral valve was measured in the four-chamber view using the
pulsed wave (PW) Doppler mode to determine evidence of
impaired ventricular relaxation. Ventricular filling pattern is
expressed as the ratio between the E and the A wave (E/A).
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the quantification of collagen content. For quantification, at
least six photographs of lung parenchyma or 10 images of
myocardium were taken by bright-field microscopy by an investigator blinded to the identity of the samples. The area of
blue fibers (collagen) per lung tissue (excluding empty alveolar
spaces) or cardiac tissue was calculated using ImageJ software.
Hydroxyproline assay
Hydroxyproline was quantified by a previously described
method with slight modification (Woessner, 1961). In brief,
homogenates of right lung were incubated with 12 N HCl
for at least 16 h at 120°C. Clear supernatant obtained by centrifugation at 16,200 g, 15 min was mixed with citrate buffer
(0.24 M citric acid monohydrate, 0.2 M acetic acid glacial,
0.53 M sodium acetate trihydrate, and 0.85 M sodium hydroxide) followed by incubation with chloramine T solution
for 20 min at room temperature. Ehrlich’s solution was added
to the mixture and incubated for 20 min at 65°C. The absorbance was measured at 530 nm.

Immunofluorescence staining
Tissue was snap frozen in optimal cutting temperature medium. 10-µm cryosections were fixed in 2% paraformaldehyde, permeabilized with 0.1% Triton, blocked in 3% BSA,
and incubated with the following primary antibodies overnight at 4°C: anti-CD41 (MWReg30; BD), anti-Ly6G (clone
1A8; BioLegend), anti-H3Cit (Abcam), and anti–type I collagen (Abcam). After washing, sections were stained with the
respective Alexa Fluor–conjugated antibodies (Alexa Fluor
16

AAC model
Adult 9–10-wk-old male C57/BL6J mice (body weight,
25 ± 3 g) underwent either sham operation or AAC as described previously (Tarnavski et al., 2004). In brief, animals
were anesthetized using 2–3% isoflurane, intubated, and ventilated using a small animal respirator (Harvard Apparatus).
The chest was opened at the second to third intercostal space
and the aortic arch visualized. A 25G needle was placed adjacent to the aorta, and a suture was tied around both the
needle and aorta. In sham-operated animals, all surgical steps
were performed except for this ligation. The needle was then
removed, leaving a 25G opening in the aorta and resulting in
significant stenosis. The chest was closed and the animal was
weaned off the respirator as soon as spontaneous breathing
had stabilized. Mice were treated intravenously by retroorbital injection with either 10 µg rhDNase 1 (Pulmozyme;
Genentech) or sterile saline directly after extubation followed
by intraperitoneal administration of 50 µg DNase 1 or the
same volume of sterile saline every 12 h for the next 7 d.
Continuous wave Doppler echocardiography was performed
at 3, 7, and 28 d after surgery. All mice were sacrificed by
an overdose of isoflurane followed by cervical dislocation at
28 d after surgery for tissue collection. A separate group of
sham-operated animals were followed in the same manner
and used to determine the range of LVEF and percentage of
interstitial collagen values.
Assessment of NETting neutrophils by flow cytometry
Neutrophils were quantified in hearts that had undergone
AAC or sham operation (1 or 3 d after surgery). Enzymatic digestion of heart tissue was performed as described
previously (Hilgendorf et al., 2014). Neutrophils were labeled using PerCP-Cy5.5–conjugated anti-Ly6G (1A8) and
APC-Cy7–conjugated anti-CD45.2 antibody (BioLegend).
NETs were identified as described previously (Gavillet et al.,
2015) as H3Cit+ cells by immunofluorescent staining of nonpermeabilized cell suspensions.
Flow cytometry analysis of platelet activation
50 µl of heparinized blood cells was washed twice in modified
Tyrode-Hepes buffer (134 mM NaCl, 0.34 mM Na2HPO4,
2.9 mM KCl, 12 mM NaHCO3, 5 mM Hepes, 1 mM MgCl2,
5 mM glucose, and 0.35% BSA, pH 7.4) and diluted in Tyrode-Hepes buffer containing 2 mM CaCl2. Samples were
incubated with vehicle or a combination of 10 µM ADP
(Chrono-Log) and 3 µM U46619 (Tocris Bioscience), stained
for 8 min at 37°C and 7 min at room temperature with the
fluorophore-labeled antibodies (FITC-CD41 [MwReg30],
APC-TGFβ1, and Pacific Blue–Ly6G [1A8]; BioLegend)
and analyzed on a FAC
SCanto (BD). Platelet–neutrophil
PAD4 regulates age-related organ fibrosis | Martinod et al.
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RT-PCR
Euthanized mice were immediately perfused with PBS
before organ harvest. Total RNA was prepared from tissue using TRIzol extraction (Invitrogen) followed by an
RNeasy micro kit with on-column DNase digestion (QIA-
GEN). cDNA was prepared using the Omniscript Reverse
Transcription kit (QIAGEN) according to manufacturer’s
instructions. Quantitative real-time PCR was performed
using Power SYBR Green Master Mix (Applied Biosystems) using a Bio-Rad Laboratories CFX Connect RealTime PCR Detection System. Conventional PCR was performed using HotStarTaq DNA polymerase (QIAGEN) and
the product run on a 1.5% agarose gel. The following primers were used: PAD4 (forward: 5′-GGCTACACAACCTTC
GGCAT-3′, reverse: 5′-GCTGCTTTCACCTGTAGGGT3′), actin B (forward: 5′-CTAAGGCCAACCGTGAAAAG3′, reverse: 5′-ACCAGAGGCATACAGGGACA-3′), hprt
(forward: 5′-GTTGGATACAGGCCAGACTTTGTTG3′, reverse: 5′-GAGGGTAGGCTGGCCTATTGGCT-3′,
gapdh (for quantitative PCR, forward: 5′-GGGGCTGGC
ATTGCCCTCAACG-3′, reverse: 5′-GGGGCTGGTGGT
CCAGGGGT-3′; for conventional PCR, forward: 5′-CCA
TGGAGAAGGCTGGGG-3′, reverse: 5′-CAAAGTTGT
CATGGATGACC-3′). Quantitative RT-PCR analysis was
performed using the Livak method.

488 donkey anti–rabbit IgG and Alexa Fluor 555 goat anti–
rat IgG; BioLegend) and counterstained with Hoechst 33342
(Invitrogen). Images were acquired using a ZEISS Axiovert
epifluorescence microscope.
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complexes were identified as CD41-positive neutrophils and
are expressed as percentage of total neutrophils. Gates were
set for platelet–neutrophil complexes or TGFβ positivity
based on comparison of the stimulated to unstimulated conditions in young WT mice.
Statistical analysis
Data are presented as means ± SEM. For statistical tests, a
two-tailed Student’s t test or Mann–Whitney U test was used
when two groups were compared. For comparison of more
than two groups, the one-way ANOVA with Bonferroni’s
post-test was applied. Correlation analysis was performed between the level of heart fibrosis and ejection fraction using
Prism 6.0d software (GraphPad Software). All p-values <0.05
were considered significant.
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