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Abstract
DNA damage is a causative factor in ageing of the vasculature and other organs. One 
of the most important vascular ageing features is reduced nitric oxide (NO)soluble 
guanylate cyclase (sGC)—cyclic guanosine monophosphate (cGMP) signaling. We hy-
pothesized that the restoration of NO-sGC-cGMP signaling with an sGC activator 
(BAY 54–6544) may have beneficial effects on vascular ageing and premature death in 
DNA repair-defective mice undergoing accelerated ageing. Eight weeks of treatment 
with a non-pressor dosage of BAY 54–6544 restored the decreased in vivo microvas-
cular cutaneous perfusion in progeroid Ercc1∆/− mice to the level of wild-type mice. In 
addition, BAY 54–6544 increased survival of Ercc1∆/− mice. In isolated Ercc1∆/− aorta, 
the decreased endothelium-independent vasodilation was restored after chronic BAY 
54–6544 treatment. Senescence markers p16 and p21, and markers of inflammation, 
including Ccl2, Il6 in aorta and liver, and circulating IL-6 and TNF-α were increased in 
Ercc1∆/−, which was lowered by the treatment. Expression of antioxidant genes, in-
cluding Cyb5r3 and Nqo1, was favorably changed by chronic BAY 54–6544 treatment. 
In summary, BAY 54–6544 treatment improved the vascular function and survival 
rates in mice with accelerated ageing, which may have implication in prolonging health 
span in progeria and normal ageing.
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1  |  INTRODUC TION

Cardiovascular diseases are a leading cause of morbidity and mortal-
ity worldwide (Gregory et al., 2017). Intrinsic ageing, an independent 
risk factor of cardiovascular diseases (Lakatta & Levy, 2003), is an 
inevitable process that is driven by accumulating, non-repaired DNA 
damage, which also has implications for cardiovascular function (del 
Campo et al., 2020; Durik et al., 2012; Kovacic et al., 2011). DNA 
damage can be induced by different sources like endogenous (e.g. 
generation of reactive oxygen species [ROS], and other oxidative re-
actions) or exogenous (e.g. UV and ionizing radiations) reactive agents 
that may cause hundred thousands of DNA lesions per cell per day 
which lead to vascular dysfunction and ageing (Incalza et al., 2018). 
A number of genetically modified mouse strains have been gener-
ated that model accelerated ageing based on a specific deficiency 
in their DNA repair system. Among them, the Ercc1∆/− mouse is a 
convenient model to study vascular ageing. The detailed features 
of the mouse model have been outlined before (Durik et al., 2012; 
Weeda et al., 1997). In brief, Ercc1∆/− mice have a short life span of 
around 24–28 weeks and display many human-like ageing charac-
teristics like neurodegeneration, osteoporosis, liver, kidney, heart, 
and muscle dysfunction that mostly start from the age of 12 weeks 
(Durik et al., 2012; Wu et al., 2017) Ercc1∆/− mice have been used to 
study general ageing mechanisms, in which the liver is taken as the 
organ for target exploration because it is one of the most severely 
affected organs, and this is believed to contribute to the reduced life 
span (Durik et al., 2012; Weeda et al., 1997). In addition, the Ercc1∆/− 
mouse is a relevant murine model to study non-atherosclerotic vas-
cular ageing and mimic key features of non-atherosclerotic vascular 
ageing in humans (Bautista-Nino et al., 2020). Based on conditional, 
cre-lox-mediated gene deletion, endothelium-specific Ercc1 knock-
out mice have been generated by us previously. Also, in these ani-
mals, accelerated non-atherosclerotic vascular ageing is observed, 
and longevity is reduced to 24–28 weeks (Ehsan Ataei Ataabadi 
et al., 2021; Bautista-Nino et al., 2020). Vascular ageing features in 
Ercc1∆/− mice are increased vascular stiffness, decreased vasomo-
tor function, increased wall thickness, and increased cellular senes-
cence. The vasomotor dysfunction involves decreased vasodilation 
that is mainly mediated by reduced nitric oxide-soluble guanylate 
cyclase- cyclic guanosine monophosphate (NO-sGC-cGMP) signal-
ing pathway, a major player in dysfunction of the aged cardiovas-
cular system (Durik et al., 2012). In the vasculature, NO binds sGC 
in vascular smooth muscle cells (VSMCs) and generates the second 
messenger cGMP. Elevated cGMP leads to VSMC relaxation, vasodi-
lation, and reduction in blood pressure. However, cGMP could also 
have anti-fibrotic and anti-remodeling effects (Sandner et al., 2017; 

Sandner & Stasch, 2017) and might be able to decrease inflamma-
tion (Ahluwalia et al., 2004). Due to its abundance throughout the 
body, the pathogenesis of various diseases has been linked to inap-
propriate NO-sGC-cGMP signaling (Breitenstein et al., 2017; Durgin 
et al., 2019; Kolijn et al., 2020; Stasch et al., 2002). Interruption of 
this pivotal signaling pathway could be at least in part due to oxida-
tive stress.

In physiological conditions NO binds to the reduced ferrous 
(Fe2+) heme group in the β-subunit of sGC, inducing a conforma-
tional change of sGC and thereby strongly increasing its cGMP-
production. Under oxidative stress conditions, this Fe2+ is oxidized 
to Fe3+, therefore, losing the NO-binding capacity which stops NO-
sGC binding, activation and cGMP formation (Shah et al.,  2018). 
Persisting oxidative stress finally also leads to heme-free (apo) sGC 
which cannot bind NO either (Breitenstein et al.,  2017). Recently, 
it has been shown that an SMC-specific cytochrome b5 reductase 
3 (CYB5R3), is able to reduce sGC back to the native form, further 
supporting a redox equilibrium in diseases (Rahaman et al., 2017). 
Given the negative impact of oxidative stress on NO-sGC-cGMP sig-
naling previously observed by us and others (Durik et al., 2012), in 
DNA repair-deficient accelerated ageing mice, including the Ercc1∆/− 
mouse model, we hypothesized that sGC oxidation might underlie 
the vasodilator dysfunction in Ercc1∆/− mice. If so, cGMP signaling 
might be restored by using a sGC activator or sGC stimulator. Since 
sGC activators can activate cGMP production under oxidative stress 
conditions and independent of NO, whereas stimulators activate 
non-oxidized native sGC (Peter Sandner et al., 2021), we have cho-
sen sGC activators for this study. We examined if chronic sGC acti-
vator treatment from 8 to 17 weeks of age would attenuate features 
of vascular ageing and affect longevity in Ercc1∆/− mice. Altogether, 
considering sGC as a key enzyme in NO–cGMP signaling and given 
the diminished NO-cGMP function in Ercc1∆/−, we aimed to study 
the effect of chronic sGC activation in Ercc1∆/− accelerated age-
ing mice, focusing on changes of NO-cGMP responsiveness, DNA 
damage-related vascular dysfunction, and potential beneficial ef-
fects on survival.

2  |  RESULTS

2.1  |  Pilot study

For the chronic treatment study, we aimed for a dose-regimen which 
have no or very minor effects on systemic arterial blood pressure. 
We therefore started with a dose-finding pilot study based on the 
cardiovascular outcomes in previous studies in rodent models, and 

F I G U R E  1 SBP and DBP in mmHg comparison among WT groups treated either with vehicle, low dose (80 mg/kg/day) or high dose 
(200 mg/kg/day) of the sGC activator BAY 54–6544 (a). The amount of the chow consumption in WT mice receiving either vehicle chow 
or chow containing 80 mg/kg/day or 200 mg/kg/day of BAY 54–6544 (b). Survival rate at the end of the study in WT and Ercc1Δ/− treated 
either with vehicle or BAY 54–6544 (c). Body weight changes in WT and Ercc1Δ/− treated either with vehicle or BAY 54–6544 (200 mg/kg/d) 
during 8 weeks of treatment (d). Data are presented in mean ± SEM. Statistical differences were analyzed by one-way ANOVA followed by 
Dunnett's post hoc test for A and B and log-rank (Mantel-Cox) test for C (* = p < 0.05). And by general linear model repeated measures for D
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measured blood pressure (BP) in wild-type (WT) mice treated with 
different chows. WT animals treated for 5 days either with vehi-
cle, low dose (80 mg/kg/day) or high dose (200 mg/kg/day) of BAY 
54–6544 were very well tolerated. BAY-treated mice showed no 
significant decrease in systolic blood pressure (SBP) and diastolic 
blood pressure (DBP) for both dosages when compared to control, 
non-supplemented chow. However, there was a moderate numerical 
trend of BP reduction with the high dose which was not significant 
and did not affect mouse behavior (Figure 1a). We therefore chose 
the high dose of 200 mg/kg/day for the chronic treatment studies, 
which warrants the highest drug exposure whilst minimizing the 
chance of a BP lowering effect. There were no significant differ-
ences in food consumption among all the groups (Figure 1b).

2.2  |  Survival rate and body weight

In the vehicle-treated Ercc1Δ/− group, 1/3 of the mice died (6 mice 
out of 18 died; 33%). Chronic BAY 54–6544 treatment was able to 
completely prevent mortality in Ercc1Δ/− mice (0 mice out of 12 died, 
0%) (Figure 1c; p < 0.001). All WT mice which served as healthy con-
trol, survived. In addition, body weight was preserved during BAY 
54–6544 treatment, WT mice gaining weight as expected at this age 
(Figure 1d).

2.3  |  Blood pressure

No SBP and DBP differences were observed within and between the 
Ercc1Δ/− and WT groups when compared with the vehicle and BAY 
54–6544 treated mice (SBP (mmHg): WT vehicle: 118.4 ± 7.8; WT 
BAY 54–6544: 114 ± 7.5; Ercc1Δ/− vehicle: 139.7 ± 5.2; Ercc1Δ/− BAY 
54–6544:136.1 ± 8.1, DBP (mmHg): WT vehicle: 79.1 ± 7.6; WT BAY 
54–6544: 82.7 ± 7.6; Ercc1Δ/− vehicle: 100.5 ± 5.1; Ercc1Δ/− BAY 54–
6544: 91.6 ± 6.8, Figure 2a and b).

2.4  |  Microvascular vasodilator function in vivo

Reactive hyperemia to a 2-minute hind leg occlusion, measured by 
laser Doppler indicated by area under the curve (AUC) and the maxi-
mum response, was significantly lower in vehicle-treated Ercc1Δ/− 
than in WT mice (AUC: p  < 0.03, Maximum response: p  < 0.03; 
Figure 2c and d). Treatment with BAY 54–6544 fully normalized both 
AUC and maximum response as indicators of reactive hyperemia 
(AUC WT vehicle: 31.2 ± 3.6; WT BAY 54–6544: 25.8 ± 3.2; Ercc1Δ/− 
vehicle: 16.9 ± 1.8; Ercc1Δ/− BAY 54–6544: 33.7 ± 6.4; Maximum re-
sponse: WT vehicle: 82.9 ± 10.44; WT BAY 54–6544: 80.5 ± 16.4; 
Ercc1Δ/− vehicle: 37.6 ± 6.9; Ercc1Δ/− BAY 54–6544: 91.2 ± 13.9. All 
the values are in arbitrary unit).

F I G U R E  2 SBP (a) and DBP (b) in 
mmHg in WT and Ercc1Δ/− treated either 
with vehicle or BAY 54–6544 (200 mg/
kg/d). Functional differences between 
skin reperfusion after 2 minutes of 
occlusion in calculated area under the 
curve (AUC) (c) and average maximum 
response (max response) (d) in WT and 
Ercc1Δ/− treated either with vehicle or 
BAY 54–6544. Data are presented in 
mean ± SEM. Statistical differences were 
analyzed by two-way ANOVA followed by 
Bonferroni's post hoc test (* = p < 0.05)WT Ercc1
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2.5  |  Ex vivo vascular function assessment

In organ baths, we tested vasomotor function and mechanisms on 
isolated aorta. Hereto, concentration response curves (CRCs) of vas-
orelaxing substances were constructed after preconstricting rings. 
Preconstriction with 30 nmol/L of U46619 showed a significant re-
duction in vasoconstriction of both Ercc1Δ/− groups compared with 
WT groups (WT vehicle: 5.36 ± 0.9; WT BAY 54–6544: 5.47 ± 1.4; 
Ercc1Δ/− vehicle: 2.23 ± 0.5; Ercc1Δ/− BAY 54–6544: 2.59 ± 0.4. All 
values are in milli newton [mN]). CRCs were constructed by addition 
of either endothelium dependent vasodilator acetylcholine (ACh) or 
endothelium-independent vasodilators sodium nitroprusside (SNP), 
sGC stimulator BAY 41–8543, and sGC activator BAY 60–2770 in 
parallel rings.

The aortic ACh response was lower in vehicle-treated Ercc1Δ/− 
mice than in the corresponding WT mice. Chronic treatment tended 
to improve endothelium-dependent response in Ercc1Δ/− mice 
(Figure 3a; P=NS). Inhibition of endothelial nitric oxide synthase and 
endothelium-dependent hyperpolarization (EDH) in aortic segments 
of both WT groups revealed that the majority of the response to 
ACh is mediated by NO, while the contribution of EDH was more 
modest. (Figure 3b and c). In the Ercc1Δ/− mice, the NO–cGMP re-
sponse was smaller (p < 0.05, GLM-RM) than in WT mice (Figure 3d 
and e). EDH was absent in vehicle-treated Ercc1Δ/− mice (Figure 3d), 
while BAY 54–6544 treatment restored EDH (Figure 3e).

The endothelium-independent response to SNP in vehicle-
treated Ercc1Δ/− mice was significantly diminished and BAY 54–
6544 treatment fully restored the response to the level in WT 
mice (Figure  3f; p < 0.03). The acute endothelium-independent re-
sponse to the sGC activator BAY 60–2770 was similar in all groups 
(Figure 3g). The same was true for the response to the sGC stimulator 
BAY 41–8543 in vehicle-treated Ercc1Δ/− and WT mice (Figure 3h).

2.6  |  Effects on ageing pathways

The improved survival and vascular function prompted us to look 
further into general ageing features, first focusing on inflammation 
(Ahluwalia et al., 2004). The plasma levels of TNF-α and IL-6 were 
significantly increased in vehicle-treated Ercc1Δ/− versus correspond-
ing WT mice (Figure 4a and b). BAY 54–6544 treatment in Ercc1Δ/− 
mice modestly reduced cytokine levels, so that the difference versus 
WT vehicle-treated mice was no longer significant (Figure 4a and b). 
Plasma levels of IL-2, IL-4, and IFN-γ were below the lower limit of 
quantification.

Inflammation can relate to senescence and its senescence-
associated secretory phenotype (Yousefzadeh et al.,  2020). 
Senescence marker p16 mRNA expression in liver was significantly 
higher in vehicle-treated Ercc1Δ/− than in the corresponding WT 
mice, and there was a trend of p16 upregulation in aorta (p = 0.07) 
(Figure 5a and b). p21 mRNA expression was significantly higher in 
liver and aorta of vehicle-treated Ercc1Δ/− than in the corresponding 
WT mice (Figure  5c and d). BAY 54–6544 treatment reduced p16 

and p21 mRNA in Ercc1Δ/− mice, so that no significant increase vs. 
WT mice was present anymore (Figures 5a–d). The same was true 
for Ccl2 and Il-6 mRNA expression in liver and aorta (Figures 5e–h).

Ageing has also been related to oxidative stress, and an upreg-
ulation of anti-oxidant pathways has been identified as vascular 
protective and anti-ageing. Two key reductase enzymes CYB5R3 
and NADPH Quinone Dehydrogenase 1 (NQO1) are markers for 
anti-oxidative effects of drug treatment, as well as dietary re-
striction (DR), the best-known anti-ageing treatment (Calvo-Rubio 
et al., 2016; Diaz-Ruiz et al., 2018). Moreover, CYB5R3 has been im-
plicated in sGC reduction. Cyb5r3 mRNA expression in aorta was at 
the same level in vehicle-treated Ercc1Δ/− and the corresponding WT 
mice. After BAY 54–6544 treatment, there was a trend toward up-
regulation in Ercc1Δ/− and WT mice (Figure 6a). In contrast to vascu-
lar tissue, Cyb5r3 mRNA expression was significantly downregulated 
in liver of vehicle-treated Ercc1Δ/− compared with the corresponding 
WT mice. BAY 54–6544 treatment increased Cyb5r3 in the Ercc1Δ/− 
mouse liver (Figure 6b).

Nqo1 mRNA expression in both aorta and liver were significantly 
lower in vehicle-treated Ercc1Δ/− than in the corresponding WT mice, 
and after treatment with BAY 54–6544, these differences were not 
significant anymore (Figure  6c and d). There were no differences 
within WT groups for Cyb5r3 and Nqo1 neither in aorta nor in liver 
(Figures 6a–d).

With the use of a set of key antioxidant genes that mark the 
protective effects of DR in ageing (Birkisdottir et al., 2021; Vermeij 
et al., 2016), we further mapped the effect of chronic BAY 54–6544 
on anti-oxidant pathways in liver. Ercc1Δ/− mice showed upregulated 
anti-oxidant systems (Figure 6e). On top of that BAY 54–6544 fur-
ther enlarged the panel of genes that show increased expression. 
The same panel was augmented in BAY 54–6544 treated WT mice 
(Figure 6e). As was the case in the vascular tissue, acute effects of 
BAY 41–8543 and BAY 60–2770 were similar, leaving no indica-
tion for domination of heme-oxidated vs. native sGC or vice versa 
(Figure 6f).

3  |  DISCUSSION

This study investigated the potential role of sGC inactivation and 
reactivation with an sGC activator in non-atherosclerotic vascular 
ageing inflicted by the DNA damage response (Vermeij et al., 2016), 
a major causal factor in ageing. We, therefore, tested the effect of 
chronic sGC activation in Ercc1∆/− accelerated ageing mice, focusing 
on changes of NO-cGMP responsiveness, DNA damage-related vas-
cular dysfunction, and potential beneficial effects on survival. The 
beneficial effect of sGC activators on survival has been observed 
in cardiovascular disease models (Hahn et al.,  2021; Hoffmann, 
Kretschmer, et al.,  2015). In this study, we observed a significant 
improved survival rate in BAY 54–6544 treated Ercc1∆/− versus the 
vehicle-treated ones (Figure 1). We applied a non-pressor dosage of 
BAY 54–6544 (Figure  3). In a previous study, we showed that BP 
lowering with losartan had no effect on vascular dysfunction in 
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Ercc1∆/− mice (Wu et al., 2017), whereas the pro-survival effect of 
dietary restriction is associated with improved function of multiple 
organs and of vascular function (Vermeij et al.,  2016). Combined, 
these observations plead for a blood pressure-independent effect 
of BAY 54–6544. A question arising from the observation that BAY 
54–6544 mimics aspect of dietary restriction is the possibility that 
the mice ate less. However, food intake was measured in our pilot 
experiment, and there was no indication of a reduced eating be-
havior after BAY 54–6544 (data not shown), nor did treatment ani-
mals lose weight compared with controls (Figure 1). BAY 54–6544 
treatment improved reactive hyperemia was improved in Ercc1∆/− 
mice. After BAY 54–6544 treatment, a trend toward improved 
endothelium-dependent response and a restored EDH pathway was 
observed in ex vivo vascular function measurements in Ercc1∆/− mice 
aorta. The endothelium-independent response to NO, provided by 
SNP in organ baths, was significantly improved by BAY 54–6544 in 
Ercc1Δ/− aortas. Considering dysfunctional NO-sGC-cGMP signaling 
in Ercc1∆/− mice and the possible contribution of oxidative stress in 
impairing physiologic sGC function through oxidation, we assumed 
that the sGC activator is more efficacious than the stimulator. This 
prompted us to choose an sGC activator for the chronic treatment. 
However, to test whether the oxidative stress also directly affects 
sGC, the acute response of aortic rings was investigated by ex vivo 
organ bath measurements. The sGC activator is working preferen-
tially on the oxidized and heme-free sGC and the sGC stimulator tar-
geting the native sGC. We observed the same maximum relaxation 
response for both sGC activator BAY 60–2770 and sGC stimulator 
BAY 41–8543 suggesting that there might be a balance of oxidized 
and native form of sGC in this acute setting. A similar observation 
was made when comparing cGMP production in liver between both 

BAY compounds. Therefore, heme oxidation of sGC does not appear 
to be central in failing NO—cGMP signalling in Ercc1Δ/− mice. This 
is in line with previous studies where it was shown that increased 
cGMP metabolism by phosphodiesterase was the major reason for 
decreased vasodilation (Bautista Nino et al., 2015; Durik et al., 2012). 
In parallel with the survival and vascular effect, we detected an in-
creased expression of genes involved in anti-oxidant defense, ob-
served also in DR effects on ageing (Vermeij et al., 2016). In addition, 
a trend toward attenuation of inflammation and senescence markers 
was seen. These changes are not restricted to vascular tissue, but 
manifest themselves also in liver, an organ that is often used to study 
changes in common ageing pathways in various models (Schumacher 
et al., 2008; Vermeij et al., 2016).

3.1  |  Vasomotor signaling effects

3.1.1  |  Acute sGC activation experiments

Vasodilator responses to BAY 41–8543 and BAY 60–2770 were 
similar in untreated Ercc1Δ/− vs. WT mice, and therefore heme-
oxidation did not seem to play a role. We previously found increased 
phosphodiesterase (PDE) metabolism of cGMP to be responsi-
ble for decreased NO—cGMP signaling in Ercc1Δ/− vascular tissue, 
and treatment with inhibitors thereof to exert beneficial vascular 
effects (Golshiri, Ataabadi, et al.,  2021; Golshiri, Ataei Ataabadi, 
Brandt, et al., 2020; Golshiri, Ataei Ataabadi, et al., 2021). Our pre-
sent results in aortic tissue organ bath experiments show that acute 
stimulation with BAY 41–8543 and BAY 60–2770 overcomes the 
phosphodiesterase increase and leads to up to 100% relaxation of 

F I G U R E  3 Vasorelaxation (% of preconstriction) in aortic rings of WT and Ercc1Δ/− mice treated either with vehicle or BAY 54–6544 in 
response to ACh (10−9 to 10−5 Mol/L) (a). The contribution of NO-cGMP and EDH pathway in WT vehicle (b), WT BAY 54–6544 (c), Ercc1Δ/− 
vehicle (d), and Ercc1Δ/− BAY 54–6544 (e) treated mice. Vasorelaxation (% of preconstriction) in aortic rings of WT and Ercc1Δ/− mice treated 
either with vehicle or BAY 54–6544 in response to SNP (10−11 to 10−4 Mol/L) (f) and sGC activator BAY 60–2770 (10−10 to 10−5 Mol/L) (g). 
Vasorelaxation (% of preconstriction) in aortic rings of vehicle-treated WT and Ercc1Δ/− mice in response to sGC stimulator BAY 41–8543 
(10−10 to 10−5 Mol/L) (h). Data are presented in mean ± SEM. Statistical differences were analyzed by general linear model repeated measures 
for A-H (* = p < 0.05)

F I G U R E  4 Plasma levels of IL-6 (pg/
ml) and TNF-alpha in samples in WT and 
Ercc1Δ/− mice treated either with vehicle 
or BAY 54–6544 for IL-6 (a) and TNF-α 
(b). Data are presented in mean ± SEM. 
Statistical differences were analyzed by 
two-way ANOVA followed by Bonferroni's 
post hoc test (* = p < 0.05).
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the preconstriction with U46619 vs. 60–80% relaxation with SNP. 
This observation, however, prompts the question why SNP cannot 
elicit a maximal relaxation. A possible explanation might be the fact 
that NO given in high concentrations, which would occur with the 

administration of external NO donors such as SNP, can mitigate 
sGC activation through nitrosylation of cysteine residues in various 
regions of the enzyme, thus limiting its own cGMP-generating ca-
pacity, putatively as a negative feedback mechanism (Beuve, 2017). 

F I G U R E  5 Gene expression of WT and Ercc1Δ/− mice treated either with vehicle or BAY 54–6544 for p16 in aorta (a), p16 in liver (b), p21 
in aorta (c), p21 in liver (d), Ccl2 in aorta (e), Ccl2 in liver (f), Il-6 in aorta (g), and Il-6 in liver (h). Data are presented in mean ± SEM. Statistical 
differences were analyzed by two-way ANOVA followed by Bonferroni's post hoc test (* = p < 0.05)
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F I G U R E  6 Gene expression of WT and Ercc1Δ/− mice treated either with vehicle or BAY 54–6544 for Cyb5r3 in aorta (a) and liver (b), and 
for Nqo1 in aorta (c) and liver (d). Data are presented in mean ± SEM. Statistical differences were analyzed by two-way ANOVA followed by 
Bonferroni's post hoc test (* = p < 0.05). Heatmap of fold changes in mRNA expression of key antioxidant defense genes in liver of WT BAY 
54–6544, Ercc1Δ/− vehicle and Ercc1Δ/− BAY 54–6544 treated mice against WT vehicle-treated group. The intensity of color from light to 
dark shows an increasing pattern of expression. Hierarchical clustering on liver antioxidant genes was performed using Pearson correlation. 
(e). cGMP production levels in liver tissue from vehicle-treated WT vs. Ercc1Δ/− mice when given ex vivo BAY 41–8543 and BAY 60–2770 for 
30 minutes in organ baths in the presence of 10−4 Mol/L IBMX (f); data are presented in mean ± SEM. Statistical differences were analyzed 
by, Friedman test; interaction genotype x treatment: P = NS, two-way ANOVA
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Stimulation with ACh might not lead to such high NO levels, espe-
cially not in Ercc1Δ/− mice in which endothelial NO release is dimin-
ished (Durik et al., 2012). In summary, the following model can be 
constructed: In untreated WT mice, in which endothelium is intact, 
only sGC nitrosylation limits NO-cGMP signaling. In contrast, in 
untreated Ercc1Δ/− mice ACh responses are decreased by lower en-
dothelial NO release and higher PDE metabolism of cGMP in VSMC. 
SNP responses are limited by PDE and sGC nitrosylation in VSMC. 
Since BAY compounds bypass NO and sGC nitrolysation, these two 
limiting factors will not affect vasodilation responses to such com-
pounds. In addition, the PDE increase is overruled. This might be 
due to abundant cGMP generation, saturating the pool of PDE with 
substrate.

3.1.2  |  Chronic sGC activation studies

Chronic in vivo treatment with the sGC activator BAY 54–6544 in 
Ercc1Δ/− significantly improved the endothelium-independent re-
sponse to NO, provided by SNP, in conduit arteries measured ex vivo. 
In addition, there was a trend toward an improved endothelium-
dependent response to ACh after BAY 54–6544. Counterintuitively, 
instead of increasing NO-dependent endothelium-mediated re-
laxation chronic BAY 54–6544 increased the contribution of EDH 
in Ercc1Δ/−. This paradoxical treatment effect can be explained by 
a paradigm that combines two signaling changes. The first change 
is induced by the decreased production of NO in the endothelium. 
Decreased NO-mediated responses are often associated with in-
creased EDH (Goto & Kitazono, 2019). As in Ercc1Δ/− mice NO pro-
duction in the endothelium is reduced (Durik et al., 2012), an increase 
of EDH can be expected, causing the ACh response to rely more on 
EDH than on NO release as compared with WT mice. The present 
study shows that endothelial NO is not improved by chronic BAY 
54–6544, and therefore EDH is expected to still be increased also 
after treatment in Ercc1Δ/− mice. The second signaling change is due 
to the impact of BAY 54-6544-induced cGMP increase in VSMC on 
EDH. Prolonged, strong increase of cGMP has been linked to dimeri-
zation of the effector protein kinase G (PKG). In turn, PKG dimeri-
zation has been shown to activate of BKCa2+ channels in VSMC, a 
process that can also take place independently from cGMP through 
redox regulation and PKG oxidation (Ataei Ataabadi et al.,  2020; 
Burgoyne et al., 2012; Feelisch et al., 2020; Jüttner & Roks, 2022; 
Sheehe et al.,  2018). EDH involves an intricate interplay between 
endothelial and VSMC K+ channels (Goto & Kitazono, 2019), which 
can bring these two signaling changes together. TRAM34/Apamin-
sensitive EDH, the EDH tested in the present study, depends on 
generation of hyperpolarization in endothelial cells via IKCa2+ and 
SKCa2+ channels and the subsequent propagation of this hyperpo-
larization to VSMC, which can involve various VSMC K+ channels, 
one of which is the BKCa2+ channel (Goto & Kitazono, 2019). Thus, 
increased EDH contribution to ACh in treated Ercc1Δ/− mice could 
be the sum of EDH substituting NO in the endothelium, and VSMC 
being more responsive to EDH via cGMP-induced BKCa2+ channels 

activation. In treated WT, where the emphasis is on endothelial NO 
instead of EDH generation, this would not be observed. Our results 
therefore warrant further interrogation of the involvement of EDH 
in vasomotor responses after chronic sGC activation in various mod-
els of decreased NO production.

The effects of sGC activation were not dependent of blood 
pressure. BP in Ercc1Δ/− mice was not significantly increased de-
spite a clear decrease of vasodilation. In previous publications, we 
observed either significantly increased BP (Durik et al., 2012), or a 
non-significant trend (K. Golshiri, Ataei Ataabadi, Portilla Fernandez, 
et al., 2020; Wu et al., 2017). Endothelial dysfunction may occur as 
a consequence of high blood pressure or be a causative factor itself 
for high blood pressure. If not fully accompanied by high BP at this 
stage, this may occur at a later stage, suggesting that high BP devel-
ops after endothelial dysfunction has occurred. Alternatively, other 
mechanisms may have resulted in BP lowering. BP increase may be 
attenuated by modulation of cardiac function, as previously demon-
strated in an endothelial-specific Ercc1 knockout model (Bautista-
Nino et al., 2020).

3.2  |  Effects related to oxidative pathways

The acute ex vivo response of aortic rings and liver to the sGC ac-
tivator BAY 60–2770 and to the sGC stimulator BAY 41–8543 was 
similar in all mouse groups, suggesting that neither native nor heme 
oxidation-inactivated sGC was dominant in Ercc1Δ/− or WT mice. 
In addition, the maximal effect of both BAY compounds reached 
100% of the preconstriction. Vascular expression of Cyb5r3, an anti-
oxidant enzyme that counters sGC oxidation, did not differ between 
Ercc1Δ/− and WT. This indicates that native and heme-oxidized sGC 
are abundantly present in VSMC, and that activation of an anti-
oxidant defense response may not be necessary at this point. This 
might also be the case for liver tissue despite the reduced Cyb5r3 
in Ercc1Δ/− this tissue. Previous results also showed no difference 
in sGC expression in aortic tissue between WT and Ercc1Δ/− mice 
(Durik et al., 2012).

Previously, we showed in Ercc1Δ/− mice and in mice with deletion 
of Ercc1 in smooth muscle cells (SMC-KO) that oxidative stress lim-
ited the responses to NO (Ehsan Ataei Ataabadi et al., 2021; Durik 
et al.,  2012). We now show that heme-oxidation of sGC does not 
contribute to this limitation. The present study was not conducted 
and designed to evaluate effects of oxidative stress in a broader con-
text than sGC alone. Therefore, we cannot exclude that the increase 
of Cyb5r3, Nqo1, and other anti-oxidant pathways after chronic BAY 
54–6544 treatment, which were investigated in relation to survival 
pathways, contributed to the improved SNP responses.

3.3  |  Effects on survival and ageing pathways

Beneficial effect of sGC activators on survival has been observed 
in cardiovascular disease models such as Dahl salt-sensitive rats 
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(Hoffmann, Kretschmer, et al.,  2015) and L-NAME-treated renin 
transgenic rats (Hahn et al., 2021). Furthermore, we have observed 
shortened life span in vascular-specific Ercc1 knockout mice, in 
which NO—cGMP signaling is prominently disturbed (Ehsan Ataei 
Ataabadi et al.,  2021; Bautista-Nino et al.,  2020). Therefore, we 
were interested if sGC activator treatment in Ercc1Δ/− mice could 
have an impact on survival rates. In fact, the sGC activator could 
completely prevent the mortality of Ercc1Δ/− mice in the observa-
tion period. The underlying mechanism of these significant effect 
is not completely clear. The shortened lifespan of Ercc1Δ/− mice is 
mainly attributed to liver problems (McWhir et al., 1993; Selfridge 
et al., 2001). For this reason, liver is often chosen as a read-out 
tissue to explore survival pathways in Ercc1Δ/− mice (Birkisdottir 
et al., 2021; Vermeij et al., 2016) and was also our motivation for 
the present study. Of note, beneficial effects of sGC activators 
on liver dysfunction have been observed before (Flores-Costa 
et al.,  2020; Hirth-Dietrich et al.,  2005; Sandner et al.,  2017). 
Nevertheless, our results warrant future functional studies in mul-
tiple organs.

Up to now, DR is the only intervention that has been found 
effective in improving the survival rate in Ercc1∆/− mice (Vermeij 
et al., 2016). Shortening of lifespan in Ercc1Δ/− mice is resistant to 
rapamycin and anti-oxidant therapy, which have shown effective-
ness in various other animal models, and thus far was attenuated 
only by DR (Birkisdottir et al., 2021; Vermeij et al., 2016). When com-
paring effects of DR and sGC activator treatment in Ercc1Δ/− mice, 
we observe similar results on activation of anti-oxidant genes. Also, 
the data hint toward attenuation of senescence inflammation mark-
ers, but not to the intensity level of dietary restriction. The find-
ings are also reminiscent of earlier observations that indicated that 
cGMP signaling has favorable effects on inflammation and metabo-
lism in adipose tissue of obese mice (Hoffmann, Etzrodt, et al., 2015; 
Sanyal et al., 2017). Interestingly, the observation that the survival 
effect of sGC activation coincides with increase of CYB5R3 and 
NQO1 expression is in striking parallel with the finding that over-
expression of both these NADH-dehydrogenases leads to a modest 
increase in lifespan, better physical performance, and decreased 
chronic inflammation in ageing mice (Diaz-Ruiz et al., 2018). Also, DR 
is accompanied by the rescue of age-associated decline of CYB5R3 
and NQO1 function (de Cabo et al.,  2009; Hyun et al.,  2006). 
Although the significance of the observation remains to be further 
established, our observation that the increase in the senescence and 
inflammation markers is attenuated is in further agreement with a 
pro-survival effect of BAY 54–6544. The idea that senescence and 
inflammation are connected in regulation of life- and health-span 
has been demonstrated in several normal ageing and DNA damage-
induced accelerated ageing rodent models and has led to the devel-
opment of senolytic drugs, which are not yet applied in the clinic 
(Baar et al.,  2017; Baker et al.,  2016; Baker et al.,  2011; Tchkonia 
et al., 2013; Yousefzadeh, Henpita, et al., 2021; Yousefzadeh, Flores, 
et al., 2021; Yousefzadeh et al., 2020). In summary, the sGC activator 
treatment, in intervention mode that is currently applied in clinical 
treatment of pulmonary hypertension, appears to display similarities 

to DR, and perhaps of senolytics. Further examination of the value 
of this observation is warranted.

4  |  CONCLUSION

In summary, we could show that sGC activator treatment restores 
vasodilator dysfunction and improves longevity and ageing mark-
ers in mice that display accelerated ageing due to defective DNA 
repair. To the best of our knowledge, the current study is the first 
one showing positive effects of chronic sGC activator treatment on 
attenuating general ageing markers. The findings of this study may 
be used as the very first evidence that clinically applicable cGMP-
modulating drugs may prevent vascular ageing. This may have im-
portant implications for repurposing of such medicines, which are 
currently used only in an advanced state of ageing-related cardio-
vascular disease. As shown here, their effects might not be limited 
to the cardiovascular system and further research characterizing the 
impact on health span is indicated.

5  |  MATERIAL S AND METHODS

5.1  |  Pilot study

Before starting intervention experiments, we ran a dose-finding 
study to choose the most appropriate dose of the sGC activator 
BAY 54–6544 based on blood-pressure lowering efficacy. Fifteen 
WT animals were randomized into 3 groups of 5 animals and treated 
either with vehicle, low dose BAY 54–6544 (80 mg/kg/day) or high 
dose BAY 54–6544 (200 mg/kg/day). All chows supplemented with 
BAY 54–6544 and placebo chow were obtained from Bayer AG, 
Wuppertal, Germany. BP was measured with tail cuff in 5 consecu-
tive days and the 5th day considered as the main measurement. The 
detailed protocol for tail cuff measurements is explained below. We 
aimed to choose a dose without or only minor effects on systemic 
blood pressure. In addition, we measured the daily amount of chow 
that was consumed to investigate the possible effect of BAY 54–
6544 on food consumption.

5.2  |  Animals

Ercc1Δ/− and Ercc1+/+ F1 mice had a hybrid C57BL6J: FVB back-
ground and were generated by cross-breeding of parents with 
a pure C57BL6J and FVB background, as described before (Dollé 
et al.,  2011). Ercc1Δ/− mice are hemizygous for a single truncated 
Ercc1 allele, encoding a protein lacking the last seven amino acids 
in all body cells. The hybrid background of the experiment mice 
prevents strain-specific phenotypes. Breeding was accomplished 
at the Erasmus MC animal facility. Mice were housed in individu-
ally ventilated cages in a controlled environment (20–22°C, 12 h 
light:12 h dark cycle), with access to food and water ad libitum. The 
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animals were weighed and visually inspected every day by animal 
caretakers to warrant their well-being. All animal procedures were 
accomplished at Erasmus MC facility for animal experiments fol-
lowed by the guidelines from Directive 2010/63/EU of the European 
Parliament on the protection of animals used for scientific purposes. 
All animal studies were approved by the National Animal Care 
Committee and the local administration within Erasmus University 
Medical Center Rotterdam.

5.3  |  Study design

In total, 30 Ercc1Δ/− mice and 32 of their age-matched WT litter-
mates (Ercc1+/+) at the age of 8 weeks were randomized into four 
groups: one group of Ercc1Δ/− mice and one WT group were given 
vehicle chow; another group of Ercc1Δ/− and WT mice received BAY 
54–6544 (200 mg/kg/day) in chow for 8 weeks. Both male and fe-
male animals were used. BP and superficial blood flow were meas-
ured one week prior to sacrifice. At the age of 17 weeks, mice were 
sacrificed, tissues were collected and snap-frozen, and wire myogra-
phy measurements were performed.

5.4  |  Blood pressure measurement

Blood pressure (BP) was measured with a non-invasive method in 
conscious mice using the tail cuff technique (CODA High-Throughput 
device, Kent Scientific). BP was measured on 5 consecutive days and 
each session consisted of 30 measurement cycles per mouse. The first 
4 days were performed as acclimatization sessions and the 5th day was 
the main measurement for each mouse. BP values are reported as the 
average of all valid cycles recorded at Day 5 (Durik et al., 2012).

5.5  |  Microvascular vasodilator function in vivo

We assessed in vivo vasodilator function using Laser Doppler perfu-
sion imaging (LDPI, Perimed, PeriScan PIM 3 System). Reactive hy-
peremia, defined as the hindleg perfusion increase after temporary 
occlusion of the blood flow, was calculated. One day prior to laser 
doppler in the left hindleg, hair was removed by hair-removal cream. 
The hindleg was kept still with the aid of a fixation device. After 
recording baseline perfusion for 5 min, blood flow was occluded for 
2 min with a tourniquet. After releasing the tourniquet, blood flow 
was monitored for 10 min to observe its return to the post-occlusion 
baseline and to record hyperemia. During all the measurements, 
mice were under 2.8% isoflurane anesthesia, and body tempera-
ture was kept at 36.4–37.0°C by means of a heating pad with rectal 
temperature probe feedback. For each mouse, the maximum flow 
response after occlusion and the AUC relative to the post-occlusion 
baseline were calculated. Only the area above the baseline was con-
sidered and values below the baseline were set at 0.

5.6  |  Ex vivo vascular function assessment

Immediately after sacrificing the mice, thoracic aortas were care-
fully isolated from mice and kept in cold Krebs–Henseleit buffer 
(in mmol/L: NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, 
NaHCO3 25, and glucose 8.3 in distilled water; pH 7.4). Vessel seg-
ments of 1.5–2 mm length were mounted in small wire myograph 
organ baths (Danish Myograph Technology, Aarhus, Denmark) 
containing 6 ml of Krebs–Henseleit buffer oxygenated with 95% 
O2 and 5% CO2 at 37°C. The tension was normalized by stretch-
ing the vessels in steps until 90% of the estimated diameter at 
which the effective transmural pressure of 100 mmHg is reached 
(Bridges et al., 2011). Thereafter, the viability of the vessels was 
checked by inducing contractions with 30 and 100 mmol/L KCl. 
After reaching the maximum contraction induced by KCl, ves-
sels were washed 4 times with a 5-minute interval. To evaluate 
vasodilatory responses, aortic segments were preconstricted with 
30 nmol/L of U46619 (a thromboxane A2 analog) resulting in a 
preconstriction corresponding with 50–100% of the response to 
100 mmol/L KCl.

After reaching a contraction plateau in response to U46619, 
CRCs were constructed with the endothelium-dependent vasodi-
lator acetylcholine (ACh) at cumulative doses (10−9–10−5 mol/L). 
To evaluate the involvement of the NO-cGMP pathway, one seg-
ment was preincubated with NG-nitro-L-arginine methyl ester salt 
(L-NAME, 10−4 mol/L), an endothelial nitric oxide synthase inhib-
itor. To investigate the role of EDH, the small conductance Ca2+-
activated K+ channel inhibitor (SKCa2+) apamin (100 nmol/L) and 
the intermediate conductance Ca2+-activated K+ channel (IKCa2+) 
inhibitor TRAM34 (10 μmol/L) were added on top of L-NAME.

In parallel rings, after reaching a contraction plateau in response 
to U46619, endothelium-independent CRCs to the NO-donor SNP 
(10−11–10−4 mol/L) were constructed. Moreover, endothelium-
independent CRCs to the sGC activator BAY 60–2770 (10−10–
10−5 mol/L) for all groups and endothelium-independent CRCs to the 
sGC stimulator BAY 41–8543 (10−10–10−5 mol/L) for vehicle-treated 
groups were constructed. To avoid bias by intrinsic release of NO, 
all segments were preincubated with L-NAME 10−4 mol/L added 
20 minutes before preconstriction.

5.7  |  Analysis of plasma cytokine levels

IL-2, IL-4, IL-6, IFN-γ, and TNF-α were measured in mouse plasma 
using a high sensitivity ProcartaPlex 96 well for mouse Multiplex 
assay from Thermofisher (EPXS050-22199-901). Samples and 
standards were run according to the manufacturer instructions 
and analyzed with Bio-Plex MAGPIX multiplex reader (Bio-Rad: 
Laboratory Medical Immunology, Erasmus MC) (ULOQ/LLOQ de-
tection limits are IFN-γ: 260 / 0.06348, TNF-α: 1390 / 0.34, IL-2: 
490 / 0.12, IL-4: 560 / 0.14, IL-6: 2850 / 0.70. All the concentra-
tions are in pg/ml).
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5.8  |  Quantitative real-time PCR

Total RNA was isolated from aorta and liver of all groups of mice 
using the RNeasy Mini Kit (Qiagen). RNA concentration and qual-
ity were determined with a NanoDrop spectrophotometer (Isogen 
Life Science, IJsselstein, The Netherlands). RNA was reverse tran-
scribed by the use of Quantitect Rev. Transcription Kit (Qiagen) 
according to the manufacturer's protocol. The cDNA was then 
amplified by quantitative real-time PCR on a QuantStudio 7 Flex 
Real-time PCR system (Applied Biosystems). Each reaction was 
performed in duplicate with SYBR Green PCR Master Mix (UK, 
Applied Biosystems). PCR cycling conditions were 50°C for 2 min, 
95°C for 2 min, followed by 40 cycles of 95°C for 15 s, and 60°C 
for 1 min. β-actin and Hprt1 were used as household genes. Results 
from unreliable duplicates or melting curves were discarded. Gene 
expression changes measured by quantitative real-time PCR dis-
played as relative expression to WT vehicle-treated group. Fold 
changes of key antioxidant defense genes in liver of WT BAY 54–
6544, Ercc1Δ/− vehicle and Ercc1Δ/− BAY 54–6544 treated mice 
were calculated against WT vehicle-treated group and displayed in 
a heatmap. Genes amplified along with the used primer combina-
tions are given in Supplementary Table 1.

5.9  |  Liver cGMP production assay

To investigate sGC activity in liver tissue, an adapted protocol of 
Calmasini et al. (2016) was used (Calmasini et al., 2016). Liver tissue 
was freshly obtained, diced in ~1 mm-sized parts, and kept in aer-
ated Kreb's buffer at 37°C in organ baths. After 30 min of acclima-
tization, 10 mM of 3-isobutyl-1-methylxanthine (IBMX) was added 
to block cGMP degradation by phosphodiesterases. After 10 min of 
IBMX incubation, sGC stimulator BAY 41–8543 (300 nM), sGC ac-
tivator BAY 60–2770 (300 nM) or vehicle (dimethylsulfoxide 0.1%) 
was added, thus creating 3 paired observations per mouse. After 
30 min of incubation, the liver tissue was snap frozen in liquid ni-
trogen. The levels of cGMP were measured using an enzyme-linked 
immunosorbent assay according to the manufacturer's descriptions 
(Enzo Life Sciences, Farmingdale, NY, USA).

5.10  |  Statistical methods

Data are presented as mean and standard error of the mean 
(mean ± SEM), unless otherwise indicated. Differences among the 
groups, depending on the number of variables, were analyzed either 
by one-way ANOVA followed by Dunnett's post hoc test or two-way 
ANOVA followed by Bonferroni's post hoc test. Survival rate differ-
ences were evaluated by log-rank (Mantel-Cox) test. Differences 
between CRCs were tested by general linear model for repeated 
measures (GLM-RM) (sphericity assumed). Multiple comparisons of 
non-normally distributed, paired data were tested with a Friedman 
test. p values below 0.05 were considered as significant.

AUTHOR CONTRIBUTIONS
E.A.A., K.G., A.H.J.D., and A.R. involved in conceptualization. H.N.K., 
I.v.d.P., and R.d.V. involved in data curation. E.A.A., K.G., A.A.J., 
R.d.V., R.B., and A.R. contributed in formal analysis. A.R. involved 
in funding acquisition. E.A.A., K.G., A.A.J., R.d.V., F.P.J.L, N.M.A.N, 
H.N.K, I.V.D.B.G. and A.R. performed investigation. E.A.A., K.G., 
I.v.d.P., R.d.V., A.H.J.D., I.V.D.B.G, N.A.M.N., H.N.K. and A.R. per-
formed methodology. E.A.A., K.G., R.B., I.v.d.P., R.d.V., and A.R. in-
volved in project administration. P.S., A.H.J.D., and A.R. collected 
resources. P.S, A.H.J.D., and A.R. supervision. A.H.J.D. and A.R. in-
volved in validation. E.A.A. performed visualization. E.A.A. and A.R. 
performed writing—original draft. K.G., A.A.J., I.v.d.P., W.A.D., P.S., 
A.H.J.D., and A.R. involved in writing—review and editing. All authors 
have read and agreed to the published version of the manuscript.

ACKNOWLEDG MENTS
A.J.M.R, E.A.A., and K.G., were supported by grant #60 from 
“Stichting Lijf & Leven”, the Netherlands.

CONFLIC T OF INTERE S T
Peter Sandner is employee of Bayer AG, Leverkusen, Germany.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Ehsan Ataei Ataabadi   https://orcid.org/0000-0002-9797-3890 

R E FE R E N C E S
Ahluwalia, A., Foster, P., Scotland, R. S., McLean, P. G., Mathur, A., 

Perretti, M., Moncada, S., & Hobbs, A. J. (2004). Antiinflammatory 
activity of soluble guanylate cyclase: cGMP-dependent down-
regulation of P-selectin expression and leukocyte recruitment. 
Proceedings of the National Academy of Sciences of the United States 
of America, 101(5), 1386–1391.

Ataei Ataabadi, E., Golshiri, K., Juttner, A., Krenning, G., Danser, A. 
H. J., & Roks, A. J. M. (2020). Nitric oxide-cGMP signaling in hy-
pertension: Current and future options for pharmacotherapy. 
Hypertension, 76(4), 1055–1068. https://doi.org/10.1161/HYPER​
TENSI​ONAHA.120.15856

Ataei Ataabadi, E., Golshiri, K., van der Linden, J., de Boer, M., Duncker, 
D. J., Jüttner, A., de Vries, R., Van Veghel, R., van der Pluijm, I., 
Dutheil, S., Chalgeri, S., Zhang, L., Lin, A., Davis, R. E., Snyder, G. 
L., Danser, A. H. J., & Roks, A. J. M. (2021). Vascular ageing fea-
tures caused by selective DNA damage in smooth muscle cell. 
Oxidative Medicine and Cellular Longevity, 2021, 2308317. https://
doi.org/10.1155/2021/2308317

Baar, M. P., Brandt, R. M., Putavet, D. A., Klein, J. D., Derks, K. W., 
Bourgeois, B. R., Stryeck, S., Rijksen, Y., van Willigenburg, H., 
Feijtel, D. A., van der Pluijm, I., Essers, J., van Cappellen, W. A., van 
IJcken, W. F., Houtsmuller, A. B., Pothof, J., de Bruin, R. W., Madl, 
T., Hoeijmakers, J. H., … de Keizer, P. L. (2017). Targeted apopto-
sis of senescent cells restores tissue homeostasis in response to 
chemotoxicity and aging. Cell, 169(1), 132–147 e116. https://doi.
org/10.1016/j.cell.2017.02.031

Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, 
J., Saltness, R. A., Jeganathan, K. B., Verzosa, G. C., Pezeshki, A., 

https://orcid.org/0000-0002-9797-3890
https://orcid.org/0000-0002-9797-3890
https://doi.org/10.1161/HYPERTENSIONAHA.120.15856
https://doi.org/10.1161/HYPERTENSIONAHA.120.15856
https://doi.org/10.1155/2021/2308317
https://doi.org/10.1155/2021/2308317
https://doi.org/10.1016/j.cell.2017.02.031
https://doi.org/10.1016/j.cell.2017.02.031


14 of 16  |     ATAEI ATAABADI et al.

Khazaie, K., Miller, J. D., & van Deursen, J. M. (2016). Naturally oc-
curring p16(Ink4a)-positive cells shorten healthy lifespan. Nature, 
530(7589), 184–189. https://doi.org/10.1038/natur​e16932

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van 
de Sluis, B., Kirkland, J. L., & van Deursen, J. M. (2011). Clearance 
of p16Ink4a-positive senescent cells delays ageing-associated dis-
orders. Nature, 479(7372), 232–236. https://doi.org/10.1038/natur​
e10600

Bautista Nino, P. K., Durik, M., Danser, A. H., de Vries, R., Musterd-
Bhaggoe, U. M., Meima, M. E., Kavousi, M., Ghanbari, M., 
Hoeijmakers, J. H., O'Donnell, C. J., Franceschini, N., Janssen, G. 
M., De Mey, J. G., Liu, Y., Shanahan, C. M., Franco, O. H., Dehghan, 
A., & Roks, A. J. (2015). Phosphodiesterase 1 regulation is a key 
mechanism in vascular aging. Clinical Science (London), 129(12), 
1061–1075. https://doi.org/10.1042/CS201​40753

Bautista-Nino, P. K., Portilla-Fernandez, E., Rubio-Beltran, E., van der 
Linden, J. J., de Vries, R., van Veghel, R., de Boer, M., Durik, M., 
Ridwan, Y., Brandt, R., Essers, J., Menzies, R. I., Thomas, R., de 
Bruin, A., Duncker, D. J., van Beusekom, H. M. M., Ghanbari, M., 
Hoeijmakers, J. H. J., Sedlacek, R., … Roks, A. J. M. (2020). Local 
endothelial DNA repair deficiency causes aging-resembling 
endothelial-specific dysfunction. Clinical Science (London), 134(7), 
727–746. https://doi.org/10.1042/CS201​90124

Beuve, A. (2017). Thiol-based redox modulation of soluble guanylyl 
cyclase, the nitric oxide receptor. Antioxidants & Redox Signalling, 
26(3), 137–149. https://doi.org/10.1089/ars.2015.6591

Birkisdottir, M. B., Jaarsma, D., Brandt, R. M. C., Barnhoorn, S., van Vliet, 
N., Imholz, S., van Oostrom, C. T., Nagarajah, B., Portilla Fernandez, 
E., Roks, A. J. M., Elgersma, Y., van Steeg, H., Ferreira, J. A., Pennings, 
J. L. A., Hoeijmakers, J. H. J., Vermeij, W. P., & Dolle, M. E. T. (2021). 
Unlike dietary restriction, rapamycin fails to extend lifespan and 
reduce transcription stress in progeroid DNA repair-deficient mice. 
Aging Cell, 20(2), e13302. https://doi.org/10.1111/acel.13302

Breitenstein, S., Roessig, L., Sandner, P., & Lewis, K. S. (2017). Novel sGC 
stimulators and sGC activators for the treatment of heart failure. 
Handbook of Experimental Pharmacology, 243, 225–247. https://doi.
org/10.1007/164_2016_100

Bridges, L. E., Williams, C. L., Pointer, M. A., & Awumey, E. M. (2011). 
Mesenteric artery contraction and relaxation studies using auto-
mated wire myography. JoVE, 55, e3119. https://doi.org/10.3791/​
3119

Burgoyne, J. R., Prysyazhna, O., Rudyk, O., & Eaton, P. (2012). cGMP-
dependent activation of protein kinase G precludes disulfide activa-
tion: Implications for blood pressure control. Hypertension, 60(5), 1301–
1308. https://doi.org/10.1161/HYPER​TENSI​ONAHA.112.198754

Calmasini, F. B., Alexandre, E. C., Silva, F. H., De Nucci, G., Antunes, E., 
D'Ancona, C. A., & Monica, F. Z. (2016). Soluble guanylate cyclase 
modulators, BAY 41-2272 and BAY 60-2770, inhibit human and rab-
bit prostate contractility. Urology, 94, 312 e319–312 e315. https://
doi.org/10.1016/j.urolo​gy.2016.04.023

Calvo-Rubio, M., Burón, M. I., López-Lluch, G., Navas, P., de Cabo, R., 
Ramsey, J. J., Villalba, J. M., & González-Reyes, J. A. (2016). Dietary 
fat composition influences glomerular and proximal convoluted 
tubule cell structure and autophagic processes in kidneys from 
calorie-restricted mice. Aging Cell, 15(3), 477–487. https://doi.
org/10.1111/acel.12451

de Cabo, R., Siendones, E., Minor, R., & Navas, P. (2009). CYB5R3: A key 
player in aerobic metabolism and aging? Aging, 2(1), 63–68. https://
doi.org/10.18632/​aging.100112

del Campo, L., Sánchez-López, A., González-Gómez, C., Andrés-
Manzano, M. J., Dorado, B., & Andrés, V. (2020). Vascular 
smooth muscle cell-specific progerin expression provokes con-
tractile impairment in a mouse model of Hutchinson-Gilford 
progeria syndrome that is ameliorated by nitrite treatment. 
Cells, 9(3), 656.

Diaz-Ruiz, A., Lanasa, M., Garcia, J., Mora, H., Fan, F., Martin-Montalvo, 
A., Di Francesco, A., Calvo-Rubio, M., Salvador-Pascual, A., Aon, 
M. A., Fishbein, K. W., Pearson, K. J., Villalba, J. M., Navas, P., 
Bernier, M., & de Cabo, R. (2018). Overexpression of CYB5R3 
and NQO1, two NAD(+) -producing enzymes, mimics aspects 
of caloric restriction. Aging Cell, 17(4), e12767. https://doi.org/​
10.1111/​acel.12767

Dollé, M. E. T., Kuiper, R. V., Roodbergen, M., Robinson, J., de Vlugt, S., 
Wijnhoven, S. W. P., Beems, R. B., de la Fonteyne, L., de With, P., 
van der Pluijm, I., Niedernhofer, L. J., Hasty, P., Vijg, J., Hoeijmakers, 
J. H. J., & van Steeg, H. (2011). Broad segmental progeroid changes 
in short-lived Ercc1(-/Δ7) mice. Pathobiology of Aging & Age Related 
Diseases, 1. https://doi.org/10.3402/pba.v1i0.7219

Durgin, B. G., Hahn, S. A., Schmidt, H. M., Miller, M. P., Hafeez, N., Mathar, 
I., Freitag, D., Sandner, P., & Straub, A. C. (2019). Loss of smooth 
muscle CYB5R3 amplifies angiotensin II–induced hypertension by 
increasing sGC heme oxidation. JCI insight, 4(19), e129183. https://
doi.org/10.11072/​jci.insig​ht.129183

Durik, M., Kavousi, M., van der Pluijm, I., Isaacs, A., Cheng, C., Verdonk, 
K., Loot, A. E., Oeseburg, H., Bhaggoe, U. M., Leijten, F., van Veghel, 
R., de Vries, R., Rudez, G., Brandt, R., Ridwan, Y. R., van Deel, E. D., 
de Boer, M., Tempel, D., Fleming, I., … Roks, A. J. (2012). Nucleotide 
excision DNA repair is associated with age-related vascular dys-
function. Circulation, 126(4), 468–478.

Feelisch, M., Akaike, T., Griffiths, K., Ida, T., Prysyazhna, O., Goodwin, 
J. J., Gollop, N. D., Fernandez, B. O., Minnion, M., Cortese-Krott, 
M. M., Borgognone, A., Hayes, R. M., Eaton, P., Frenneaux, M. P., 
& Madhani, M. (2020). Long-lasting blood pressure lowering ef-
fects of nitrite are NO-independent and mediated by hydrogen 
peroxide, persulfides, and oxidation of protein kinase G1alpha 
redox signalling. Cardiovascular Research, 116(1), 51–62. https://doi.
org/10.1093/cvr/cvz202

Flores-Costa, R., Duran-Güell, M., Casulleras, M., López-Vicario, C., 
Alcaraz-Quiles, J., Diaz, A., Lozano, J. J., Titos, E., Hall, K., Sarno, 
R., Masferrer, J. L., & Clària, J. (2020). Stimulation of soluble gua-
nylate cyclase exerts antiinflammatory actions in the liver through 
a VASP/NF-κB/NLRP3 inflammasome circuit. Proceedings of the 
National Academy of Sciences of the United States of America, 117(45), 
28263–28274. https://doi.org/10.1073/pnas.20004​66117

Golshiri, K., Ataabadi, E. A., Juttner, A. A., Snyder, G. L., Davis, R. E., Lin, 
A., Zhang, L., de Vries, R., Garrelds, I. M., Leijten, F. P. J., Danser, 
A. H. J., & Roks, A. J. M. (2021). The effects of acute and chronic 
selective phosphodiesterase 1 inhibition on smooth muscle cell-
associated aging features. Frontiers in Pharmacology, 12, 818355. 
https://doi.org/10.3389/fphar.2021.818355

Golshiri, K., Ataei Ataabadi, E., Brandt, R., van der Pluijm, I., de Vries, 
R., Danser, J., & Roks, A. (2020). Chronic sildenafil treatment im-
proves vasomotor function in a mouse model of accelerated aging. 
International Journal of Molecular Sciences, 21(13), 4667. https://doi.
org/10.3390/ijms2​1134667

Golshiri, K., Ataei Ataabadi, E., Portilla Fernandez, E. C., Jan Danser, 
A., & Roks, A. J. (2020). The importance of the nitric oxide-cGMP 
pathway in age-related cardiovascular disease: Focus on phos-
phodiesterase-1 and soluble guanylate cyclase. Basic & Clinical 
Pharmacology & Toxicology, 127(2), 67–80.

Golshiri, K., Ataei Ataabadi, E., Rubio-Beltran, E., Dutheil, S., Yao, W., 
Snyder, G. L., Davis, R. E., van der Pluijm, I., Brandt, R., van den 
Berg-Garrelds, I. M., MaassenVanDenBrink, A., de Vries, R., Danser, 
A. H. J., & Roks, A. J. M. (2021). Selective PDE1 inhibition amelio-
rates vascular function, reduces inflammatory response, and low-
ers blood pressure in ageing animals. Journal of Pharmacology and 
Experimental Therapeutics, 378, 173–183. https://doi.org/10.1124/
jpet.121.000628

Goto, K., & Kitazono, T. (2019). Endothelium-dependent hyperpolar-
ization (EDH) in diabetes: Mechanistic insights and therapeutic 

https://doi.org/10.1038/nature16932
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
https://doi.org/10.1042/CS20140753
https://doi.org/10.1042/CS20190124
https://doi.org/10.1089/ars.2015.6591
https://doi.org/10.1111/acel.13302
https://doi.org/10.1007/164_2016_100
https://doi.org/10.1007/164_2016_100
https://doi.org/10.3791/3119
https://doi.org/10.3791/3119
https://doi.org/10.1161/HYPERTENSIONAHA.112.198754
https://doi.org/10.1016/j.urology.2016.04.023
https://doi.org/10.1016/j.urology.2016.04.023
https://doi.org/10.1111/acel.12451
https://doi.org/10.1111/acel.12451
https://doi.org/10.18632/aging.100112
https://doi.org/10.18632/aging.100112
https://doi.org/10.1111/acel.12767
https://doi.org/10.1111/acel.12767
https://doi.org/10.3402/pba.v1i0.7219
https://doi.org/10.11072/jci.insight.129183
https://doi.org/10.11072/jci.insight.129183
https://doi.org/10.1093/cvr/cvz202
https://doi.org/10.1093/cvr/cvz202
https://doi.org/10.1073/pnas.2000466117
https://doi.org/10.3389/fphar.2021.818355
https://doi.org/10.3390/ijms21134667
https://doi.org/10.3390/ijms21134667
https://doi.org/10.1124/jpet.121.000628
https://doi.org/10.1124/jpet.121.000628


    |  15 of 16ATAEI ATAABADI et al.

implications. International Journal of Molecular Sciences, 20(15), 
3737. https://doi.org/10.3390/ijms2​0153737

Gregory, A. R., Catherine, J., Amanuel, A., Foad, A.-A., Semaw Ferede, 
A., Gebre, A., Muktar, A., Baran, A., Tahiya, A., Khurshid, A., 
François, A., Nelson, A.-G., Stephen, A., Hossein, A., Johan, 
Ä., Hamid, A., Tesfay Mehari, A., Leticia, A.-B., Ashish, A., … 
Christopher, M. (2017). Global, regional, and national burden 
of cardiovascular diseases for 10 causes, 1990 to 2015. Journal 
of the American College of Cardiology, 70(1), 1–25. https://doi.
org/10.1016/j.jacc.2017.04.052

Hahn, M. G., Lampe, T., El Sheikh, S., Griebenow, N., Woltering, E., 
Schlemmer, K.-H., Dietz, L., Gerisch, M., Wunder, F., Becker-Pelster, 
E.-M., Mondritzki, T., Tinel, H., Knorr, A., Kern, A., Lang, D., Hueser, 
J., Schomber, T., Benardeau, A., Eitner, F., … Stasch, J.-P. (2021). 
Discovery of the soluble guanylate cyclase activator Runcaciguat 
(BAY 1101042). Journal of Medicinal Chemistry, 64(9), 5221–6412. 
https://doi.org/10.1021/acs.jmedc​hem.0c02154

Hirth-Dietrich, C., Alonso-Alija, C., Härter, M., Hahn, M. G., Keim, Y., 
Wunder, F., Knorr, A., & Stasch, J.-P. (2005). Antifibrotic effects of 
an sGC activator in rat models of liver fibrosis. BMC Pharmacology, 
5(1), P24. https://doi.org/10.1186/1471-2210-5-s1-p24

Hoffmann, L. S., Etzrodt, J., Willkomm, L., Sanyal, A., Scheja, L., Fischer, 
A. W. C., Stasch, J.-P., Bloch, W., Friebe, A., & Heeren, J. (2015). 
Stimulation of soluble guanylyl cyclase protects against obesity by 
recruiting brown adipose tissue. Nature Communications, 6(1), 1–9.

Hoffmann, L. S., Kretschmer, A., Lawrenz, B., Hocher, B., & Stasch, J.-P. 
(2015). Chronic activation of heme free guanylate cyclase leads 
to renal protection in dahl salt-sensitive rats. PLoS One, 10(12), 
e0145048. https://doi.org/10.1371/journ​al.pone.0145048

Hyun, D.-H., Hernandez, J. O., Mattson, M. P., & de Cabo, R. (2006). The 
plasma membrane redox system in aging. Ageing Research Reviews, 
5(2), 209–220. https://doi.org/10.1016/j.arr.2006.03.005

Incalza, M. A., D'Oria, R., Natalicchio, A., Perrini, S., Laviola, L., & 
Giorgino, F. (2018). Oxidative stress and reactive oxygen species in 
endothelial dysfunction associated with cardiovascular and meta-
bolic diseases. Vascular Pharmacology, 100, 1–19.

Jüttner, A. A. D., Danser, A. H. J., & Roks, A. J. M. (2022). Pharmacological 
developments in antihypertensive treatment through nitric oxide—
cGMP modulation. In W. B. Campbell, & J. D. Imig (Eds.), New targets 
for the treatment of hypertension and associated diseases volume 94 of 
advances in pharmacology (pp. 57–94). Elsevier.

Kolijn, D., Kovács, Á., Herwig, M., Lódi, M., Sieme, M., Alhaj, A., Sandner, 
P., Papp, Z., Reusch, P. H., Haldenwang, P., Falcão-Pires, I., Linke, 
W. A., Jaquet, K., Van Linthout, S., Mügge, A., Tschöpe, C., & 
Hamdani, N. (2020). Enhanced cardiomyocyte function in hyper-
tensive rats with diastolic dysfunction and human heart failure 
patients after acute treatment with soluble guanylyl cyclase (sGC) 
activator. Frontiers in Physiology, 11, 345. https://doi.org/10.3389/
fphys.2020.00345

Kovacic, J. C., Moreno, P., Nabel, E. G., Hachinski, V., & Fuster, V. (2011). 
Cellular senescence, vascular disease, and aging: Part 2 of a 2-part 
review: Clinical vascular disease in the elderly. Circulation, 123(17), 
1900–1910.

Lakatta, E. G., & Levy, D. (2003). Arterial and cardiac aging: Major share-
holders in cardiovascular disease enterprises. Circulation, 107(1), 
139–146. https://doi.org/10.1161/01.CIR.00000​48892.83521.58

McWhir, J., Selfridge, J., Harrison, D. J., Squires, S., & Melton, D. W. 
(1993). Mice with DNA repair gene (ERCC-1) deficiency have el-
evated levels of p53, liver nuclear abnormalities and die before 
weaning. Nature Genetics, 5(3), 217–224.

Rahaman, M. M., Nguyen, A. T., Miller, M. P., Hahn, S. A., Sparacino-
Watkins, C., Jobbagy, S., Carew, N. T., Cantu-Medellin, N., Wood, K. 
C., & Baty, C. J. (2017). Cytochrome b5 reductase 3 modulates sol-
uble guanylate cyclase redox state and cGMP signaling. Circulation 
Research, 121(2), 137–148.

Sandner, P., Berger, P., & Zenzmaier, C. (2017). The potential of sGC mod-
ulators for the treatment of age-related fibrosis: A mini-review. 
Gerontology, 63(3), 216–227.

Sandner, P., & Stasch, J. P. (2017). Anti-fibrotic effects of soluble gua-
nylate cyclase stimulators and activators: A review of the preclinical 
evidence. Respiratory Medicine, 122(Suppl 1), S1–S9.

Sandner, P., Zimmer, D. P., Milne, G. T., Follmann, M., Hobbs, A., 
& Stasch, J.-P. (2021). Soluble guanylate cyclase stimula-
tors and activators. In H. H. H. W. Schmidt, P. Ghezzi, & A. 
Cuadrado (Eds.), Reactive oxygen species: Network pharmacology 
and therapeutic applications (pp. 355–394). Springer International 
Publishing.

Sanyal, A., Naumann, J., Hoffmann, L. S., Chabowska-Kita, A., Ehrlund, 
A., Schlitzer, A., Arner, P., Blüher, M., & Pfeifer, A. (2017). Interplay 
between obesity-induced inflammation and cGMP signaling in 
white adipose tissue. Cell Reports, 18(1), 225–236.

Schumacher, B., van der Pluijm, I., Moorhouse, M. J., Kosteas, T., 
Robinson, A. R., Suh, Y., Breit, T. M., van Steeg, H., Niedernhofer, 
L. J., van Ijcken, W., Bartke, A., Spindler, S. R., Hoeijmakers, J. H., 
van der Horst, G. T., & Garinis, G. A. (2008). Delayed and accel-
erated aging share common longevity assurance mechanisms. 
PLoS Genetics, 4(8), e1000161. http://www.ncbi.nlm.nih.gov/
entre​z/query.fcgi?cmd=Retri​eve&db=PubMe​d&dopt=Citat​
ion&list_uids=18704162

Selfridge, J., Hsia, K.-T., Redhead, N. J., & Melton, D. W. (2001). Correction 
of liver dysfunction in DNA repair-deficient mice with an ERCC1 
transgene. Nucleic Acids Research, 29(22), 4541–4550. https://doi.
org/10.1093/nar/29.22.4541

Shah, R. C., Sanker, S., Wood, K. C., Durgin, B. G., & Straub, A. C. (2018). 
Redox regulation of soluble guanylyl cyclase. Nitric Oxide, 76, 
97–104.

Sheehe, J. L., Bonev, A. D., Schmoker, A. M., Ballif, B. A., Nelson, M. 
T., Moon, T. M., & Dostmann, W. R. (2018). Oxidation of cysteine 
117 stimulates constitutive activation of the type Ialpha cGMP-
dependent protein kinase. Journal of Biological Chemistry, 293(43), 
16791–16802. https://doi.org/10.1074/jbc.RA118.004363

Stasch, J.-P., Schmidt, P., Alonso-Alija, C., Apeler, H., Dembowsky, K., 
Haerter, M., Heil, M., Minuth, T., Perzborn, E., Pleiss, U., Schramm, 
M., Schroeder, W., Schröder, H., Stahl, E., Steinke, W., & Wunder, F. 
(2002). NO- and haem-independent activation of soluble guanylyl 
cyclase: Molecular basis and cardiovascular implications of a new 
pharmacological principle. British Journal of Pharmacology, 136(5), 
773–783. https://doi.org/10.1038/sj.bjp.0704778

Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J., & Kirkland, J. L. (2013). 
Cellular senescence and the senescent secretory phenotype: 
Therapeutic opportunities. Journal of Clinical Investigation, 123(3), 
966–972. https://doi.org/10.1172/JCI64098

Vermeij, W. P., Dollé, M. E., Reiling, E., Jaarsma, D., Payan-Gomez, C., 
Bombardieri, C. R., Wu, H., Roks, A. J., Botter, S. M., van der Eerden, 
B. C., Youssef, S. A., Kuiper, R. V., Nagarajah, B., van Oostrom, C. T., 
Brandt, R. M., Barnhoorn, S., Imholz, S., Pennings, J. L., de Bruin, 
A., … Hoeijmakers, J. H. (2016). Restricted diet delays accelerated 
ageing and genomic stress in DNA-repair-deficient mice. Nature, 
537(7620), 427–431.

Weeda, G., Donker, I., de Wit, J., Morreau, H., Janssens, R., Vissers, C. J., 
Nigg, A., van Steeg, H., Bootsma, D., & Hoeijmakers, J. H. (1997). 
Disruption of mouse ERCC1 results in a novel repair syndrome 
with growth failure, nuclear abnormalities and senescence. Current 
Biology, 7(6), 427–439.

Wu, H., van Thiel, B. S., Bautista-Nino, P. K., Reiling, E., Durik, M., Leijten, 
F. P. J., Ridwan, Y., Brandt, R. M. C., van Steeg, H., Dolle, M. E. T., 
Vermeij, W. P., Hoeijmakers, J. H. J., Essers, J., van der Pluijm, I., 
Danser, A. H. J., & Roks, A. J. M. (2017). Dietary restriction but not 
angiotensin II type 1 receptor blockade improves DNA damage-
related vasodilator dysfunction in rapidly aging Ercc1Delta/-mice. 

https://doi.org/10.3390/ijms20153737
https://doi.org/10.1016/j.jacc.2017.04.052
https://doi.org/10.1016/j.jacc.2017.04.052
https://doi.org/10.1021/acs.jmedchem.0c02154
https://doi.org/10.1186/1471-2210-5-s1-p24
https://doi.org/10.1371/journal.pone.0145048
https://doi.org/10.1016/j.arr.2006.03.005
https://doi.org/10.3389/fphys.2020.00345
https://doi.org/10.3389/fphys.2020.00345
https://doi.org/10.1161/01.CIR.0000048892.83521.58
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=18704162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=18704162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=18704162
https://doi.org/10.1093/nar/29.22.4541
https://doi.org/10.1093/nar/29.22.4541
https://doi.org/10.1074/jbc.RA118.004363
https://doi.org/10.1038/sj.bjp.0704778
https://doi.org/10.1172/JCI64098


16 of 16  |     ATAEI ATAABADI et al.

Clinical Science (London), 131, 1941–1953. https://doi.org/10.1042/
CS201​70026

Yousefzadeh, M., Henpita, C., Vyas, R., Soto-Palma, C., Robbins, P., & 
Niedernhofer, L. (2021). DNA damage-how and why we age? Elife, 
10, e62852. https://doi.org/10.7554/eLife.62852

Yousefzadeh, M. J., Flores, R. R., Zhu, Y., Schmiechen, Z. C., Brooks, R. 
W., Trussoni, C. E., Cui, Y., Angelini, L., Lee, K. A., McGowan, S. 
J., Burrack, A. L., Wang, D., Dong, Q., Lu, A., Sano, T., O'Kelly, R. 
D., McGuckian, C. A., Kato, J. I., Bank, M. P., … Niedernhofer, L. J. 
(2021). An aged immune system drives senescence and ageing of 
solid organs. Nature, 594(7861), 100–105. https://doi.org/10.1038/
s4158​6-021-03547​-7

Yousefzadeh, M. J., Zhao, J., Bukata, C., Wade, E. A., McGowan, S. 
J., Angelini, L. A., Bank, M. P., Gurkar, A. U., McGuckian, C. A., 
Calubag, M. F., Kato, J. I., Burd, C. E., Robbins, P. D., & Niedernhofer, 
L. J. (2020). Tissue specificity of senescent cell accumulation during 
physiologic and accelerated aging of mice. Aging Cell, 19(3), e13094. 
https://doi.org/10.1111/acel.13094

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Ataei Ataabadi, E., Golshiri, K., Jüttner, 
A. A., de Vries, R., Van den Berg-Garrelds, I., Nagtzaam, N. M. 
A., Khan, H. N., Leijten, F. P. J., Brandt, R. M. C., Dik, W. A., van 
der Pluijm, I., Danser, A. H. J., Sandner, P., & Roks, A. J. M. 
(2022). Soluble guanylate cyclase activator BAY 54–6544 
improves vasomotor function and survival in an accelerated 
ageing mouse model. Aging Cell, 21, e13683. https://doi.
org/10.1111/acel.13683

https://doi.org/10.1042/CS20170026
https://doi.org/10.1042/CS20170026
https://doi.org/10.7554/eLife.62852
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1111/acel.13094
https://doi.org/10.1111/acel.13683
https://doi.org/10.1111/acel.13683

	Soluble guanylate cyclase activator BAY 54–­6544 improves vasomotor function and survival in an accelerated ageing mouse model
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|Pilot study
	2.2|Survival rate and body weight
	2.3|Blood pressure
	2.4|Microvascular vasodilator function in vivo
	2.5|Ex vivo vascular function assessment
	2.6|Effects on ageing pathways

	3|DISCUSSION
	3.1|Vasomotor signaling effects
	3.1.1|Acute sGC activation experiments
	3.1.2|Chronic sGC activation studies

	3.2|Effects related to oxidative pathways
	3.3|Effects on survival and ageing pathways

	4|CONCLUSION
	5|MATERIALS AND METHODS
	5.1|Pilot study
	5.2|Animals
	5.3|Study design
	5.4|Blood pressure measurement
	5.5|Microvascular vasodilator function in vivo
	5.6|Ex vivo vascular function assessment
	5.7|Analysis of plasma cytokine levels
	5.8|Quantitative real-­time PCR
	5.9|Liver cGMP production assay
	5.10|Statistical methods

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


