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ABSTRACT: The mitochondrial adaptor protein p66Shc has been suggested to control life span in mice via the release 

of hydrogen peroxide. However, the role of p66Shc in lung aging remains unsolved. Thus, we investigated the effects 

of p66Shc-/- on the aging of the lung and pulmonary circulation. In vivo lung and cardiac characteristics were 

investigated in p66Shc-/- and wild type (WT) mice at 3, 12, and 24 months of age by lung function measurements, 

micro-computed tomography (µCT), and echocardiography. Alveolar number and muscularization of small 

pulmonary arteries were measured by stereology and vascular morphometry, respectively. Protein and mRNA levels 

of senescent markers were measured by western blot and PCR, respectively. Lung function declined similarly in WT 

and p66Shc-/- mice during aging. However, µCT analyses and stereology showed slightly enhanced signs of aging-

related parameters in p66Shc-/- mice, such as a decline of alveolar density. Accordingly, p66Shc-/- mice showed higher 

protein expression of the senescence marker p21 in lung homogenate compared to WT mice of the corresponding age. 

Pulmonary vascular remodeling was increased during aging, but aged p66Shc-/- mice showed similar muscularization 

of pulmonary vessels and hemodynamics like WT mice. In the heart, p66Shc-/- prevented the deterioration of right 

ventricular (RV) function but promoted the decline of left ventricular (LV) function during aging. p66Shc-/- affects the 

aging process of the lung and the heart differently. While p66Shc-/- slightly accelerates lung aging and deteriorates LV 

function in aged mice, it seems to exert protective effects on RV function during aging. 
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INTRODUCTION 

 

The proportion of the elderly population is growing 

around the world. Therefore, understanding the 

physiological changes associated with the aging process is 

crucial to meet the health needs of the elderly. The human 

lung partially grows due to neoalveolarization during 

childhood and adolescence and continues to mature fully 

by the age of 20-25 [1]. Lung function remains stable up 

to 35 years of age, and from this point on, it gradually 

deteriorates over the years. Structural alterations during 

the aging of the human lung are characterized by an 
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increase in the size of alveoli without changing their 

number due to modifications of collagen fibers and 

alveolar duct dilation [2]. This enlargement of the alveolar 

space needs to be distinguished from emphysema, 

characterized by alveolar destruction. As a result of 

increased alveolar size, the surface tension is decreased, 

and thus the lung becomes more compliant. The loss of 

elastic recoil pressure, in combination with altered 

breathing mechanics, due to reduced respiratory muscle 

strength, results in decreased expiratory flow, increased 

residual volume, and functional residual capacity (FRC) 

[3]. 

Furthermore, with age, arterial oxygen tension 

declines, caused by diffusion limitation and 

ventilation/perfusion (V/Q) inequality [4]. The vascular 

alterations, including an increase in the loss of vessels 

(impaired angiogenesis), increased vascular stiffness of 

large arteries, and endothelial dysfunction, led to 

increased pulmonary arterial pressure (PAP) in the 

elderly, which promoted V/Q mismatch [5]. Additionally, 

age-related immune dysfunction may further contribute to 

enhanced susceptibility to various lung diseases, such as 

chronic obstructive pulmonary disease (COPD) [6]. 

Physiological aging is an intrinsic process that targets 

cell regeneration and repair. Different signaling pathways 

regulate it, leading to genomic instability, telomere 

attrition, epigenetic alterations, loss of proteostasis, 

deregulated nutrient sensing, cellular senescence, stem 

cell exhaustion, altered intracellular communications, and 

mitochondrial dysfunction under the influence of 

endogenous and exogenous factors [7]. Although the 

biological basis of aging is far from being understood, one 

central hypothesis suggests that aging is related to the 

accumulation of cellular damage caused by the release of 

reactive oxygen species (ROS) from mitochondria (“free 

radical theory”) [8] or redox modifications of proteins 

(“redox theory”) [9]. However, increased mitochondrial 

ROS and oxidative stress in genetically modified mice do 

not accelerate the aging process [10, 11]. Likewise, 

genetic manipulations that increase antioxidant defense 

mechanisms do not extend lifespan [12]. Furthermore, 

some evidence suggests that increased ROS can prolong 

lifespan in yeast and C. elegans [7]. Therefore, López-

Otín’s landmark review on the hallmarks of aging 

suggests that, as individuals age chronologically, the ROS 

levels increase as a mechanism to maintain survival. 

However as aging progresses, ROS eventually aggravates 

the age-associated damage instead mitigating it [7]. 

Nevertheless, it is important to consider that the direct role 

of ROS in aging is still not fully understood. This is due 

to variations in individuals’ genomes and their unique 

response to the exposome, which encompasses 

cumulative environmental influences [9].  

ROS can contribute to the aging process through 

various cellular pathways that are recognized as hallmarks 

of aging [8, 9] including induction of cellular senescence 

[13]. Senescence has a dual nature, as it prevents the 

propagation of stressed or damaged cells that may cause 

cancer, yet it also hampers tissue repair and regeneration 

by restricting the proliferation of stem or progenitor cells; 

additionally, the senescence-associated secretory 

phenotype (SASP) initially aids wound healing but, when 

persistent, can induce pathological inflammation, thus 

playing a role in diverse age-related conditions, including 

cancer [14]. Thus, while senescent cells have been 

implicated in supporting physiological functions, their 

accumulation in aging lungs can impair lung function and 

contribute to the exacerbation of lung diseases such as 

COPD, lung fibrosis, and even asthma [15].  

The increase of intracellular ROS can lead to cellular 

senescence through the activation of p53 that triggers the 

expression of pro-senescence targets, including p21 [13]. 

Alternatively, dysfunctional mitochondria can trigger a 

ROS-JNK (C-Jun N-terminal kinase) retrograde signaling 

pathway that drives cytoplasmic chromatin fragment 

formation and subsequently the induction of the SASP 

[16].  

The adaptor protein p66Shc has been postulated as a 

regulator of mitochondrial ROS [17-19] and thus p66Shc 

has been intensively investigated in the aging process. 

Multiple studies have demonstrated the correlation 

between cellular senescence and the upregulation of ROS 

in humans, specifically through the increased expression 

of p66Shc [20-22]. Low doses of hydrogen peroxide 

induced senescence in a hepatoblastoma cell line, and this 

effect was found to be absent in p66Shc knockdown [21]. 

Furthermore, p66Shc expression was associated with 

upregulated expression of the senescence markers 

including p16, p21, and p53 [21]. 

The p66Shc adaptor protein is the largest isoform 

encoded by the ShA locus of the human chromosome 1 or 

the mouse chromosome 3. The ShA locus encodes three 

different alternatively spliced adaptor proteins (p46Shc, 

p52Shc, and p66Shc). p46Shc and p52Shc are 

ubiquitously expressed and participate in the activation of 

Ras by receptor tyrosine kinases. 

In contrast, p66Shc is specifically expressed in the 

heart, kidney, lungs, liver, and spleen and plays an 

essential role in the mitochondrial response to oxidative 

stress [ 2 3 ] . Under basal conditions, a large percentage 

of p66Shc protein is located in the cytoplasm, while just 

10% is located in the mitochondrial compartment [24]. 

Upon p53 activation by different stress stimuli (oxidative 

stress, DNA damage, insulin receptor activation), 

p66Shc translocates to the mitochondria, where it binds 

cytochrome c and acts as an oxidoreductase, generating 

superoxide and hydrogen peroxide as a signaling 
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molecule for apoptosis [17-19]. In addition to its role 

in the mitochondrial oxidative stress response, p66Shc 

increases the activity of nicotinamide adenine 

dinucleotide phosphate oxidases (NADPH oxidases) and 

suppresses the expression of antioxidants, including 

superoxide dismutase and glutathione peroxidase [25]. 

Therefore, it has been initially assumed that p66Shc 

controls lifespan in mice [26]. This hypothesis was 

supported by data showing that p66Shc-/- live longer [23, 

27]. Moreover, p66Shc-/- mice are protected against 

different age-related diseases like atherosclerosis, 

diabetes-induced glomerulopathy, and Alzheimer’s 

disease [28-31]. However, Ramsey et al. did not find any 

differences in lifespan between wild type (WT) and 

p66Shc-/- mice, suggesting that p66Shc deletion increases 

lifespan only under certain circumstances [32]. 

Thus, our hypothesis suggests that p66Shc-/- may 

provide protection against age-related alterations in the 

lung and pulmonary circulation by inhibiting p66Shc-

mediated senescence. Therefore, we investigated the 

differential effects of p66Shc-/- on the aging of the lung 

and pulmonary circulation. 

 

MATERIALS AND METHODS  

 

Human lung tissue samples 

 

Human lung tissue samples were obtained from healthy 

donors. The studies were approved by the Ethics 

Committee of the Justus- Liebig- University School of 

Medicine (AZ 31/93, 10/06,220/18). Subjects were 

divided into young (20-30 years old), middle (40-50 years 

old) and old (60-80 years old) groups. The cohort included 

6 females and 8 males. Characteristics of the participants 

are given in Supplementary Table 1. 

 

Animals and experimental design 

 

All animal experiments were performed following the 

Directive 2010/63/EU of the European Parliament on the 

protection of animals used for scientific purposes and 

approved by local authorities (Regierungspräsidium, 

Giessen). p66Shc-/- mice were bred and naturally aged in 

our central animal facility. C57BL/6J (WT) mice were 

bred in our central animal facility (3-month- old group) or 

purchased from Jackson Laboratories at eight months of 

age and naturally aged (12-24-month-old group) before 

experimentation. Mice of both sexes were randomly 

assigned and investigated at 3, 12, or 24 months. These 

time points correspond to different stages of human life: 

adults 20-30 years old (3-4 months in mice), middle-aged 

38-47 years old (12-14 months in mice), and old 56 to 70 

years old (20-24 months in mice). The approximate 

mouse/human comparison was based on previous reports 

[33]. All animals had housed four mice per cage at the 

temperature of 23±1°C under light-controlled conditions 

(inverse 12:12 hour light-dark cycle). Food and water 

were provided ad libitum. Due to animal availability 

during experiments, the number of animals in the group 

varied. In the WT groups, numbers of animals were as 

follows: n=10, n=12 and n=9 at the age of 3, 12 and 24 

months, respectively. In the p66Shc-/- groups, numbers of 

animals were as follows: n=10, n=6 and n=8 at the age of 

3, 12 and 24 months, respectively. In all experiments, no 

differences were found between male and female mice 

(data not shown). All animals were used for determination 

of in vivo hemodynamic, echocardiography, lung function 

measurements and µCT imaging. Randomly assigned 

mice were chosen for stereology (n=5) and for 

histological analyses of pulmonary vasculature (n=6). N-

numbers for in vivo lung function, hemodynamics, 

echocardiography and µCT may differ from initial n-

numbers due to technical issues during measurement (e.g., 

dislocation of measurement catheter or position of 

microchip that was used to track mice). The in vivo lung 

function data (stat. compliance, inspiratory capacity, 

hysteresis and tissue elastance) with coefficient of 

determination (COD) greater than 0.95, were excluded 

from analysis. 
 
In vivo lung function 

 

Initially, mice were anesthetized in a chamber using 3% 

isoflurane. During hemodynamic and lung function 

measurements, anesthesia was decreased to 1.5-2.0% 

isoflurane to ensure deep state of anaesthesia tailored to 

each individual [34, 35]. Lung function was measured 

with a FlexiVent system (Flexivent FX, Canada) as 

previously described [34]. Hysteresis was calculated as 

the surface area between the ascending and descending 

portions of the pressure-volume loop. After measurement 

of lung function, a Millar catheter was placed in the right 

ventricle via the right external jugular vein to assess the 

right ventricular systolic pressure (RVSP) as previously 

described [34, 35]. 

 

Echocardiography 

All echocardiographic studies were performed as 

previously described [35]. Briefly, mice were 

anesthetized with 3% isoflurane and placed on the heated 

stage of the Vevo 2100 (VisualSonics, Canada) under 

continuous anesthesia with 1.5-2.0% isoflurane. The 

heart rate was monitored during the entire study by 

electrocardiogram (ECG) recording. Tricuspid annular 

plane systolic excursion (TAPSE) and RV wall thickness 

(RVWT) were measured in the apical four-chamber view 

and in a modified parasternal short-axis view, 
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respectively. LV ejection fraction (LVEF) was measured 

in the parasternal long-axis view. IVRT was corrected for 

heart rate, calculating the RR time interval and using the 

formula: IVRT/RR%. Cardiac output (CO) was 

calculated as the product of the velocity-time integral of 

the pulsed-Doppler tracing in the right ventricular 

outflow tract, the cross-sectional area of the right 

ventricular outflow tract, and the heart rate. Cardiac index 

(CI) was calculated by dividing the CO by body weight. 

In vivo micro-computed tomography (µCT) imaging 

Images were acquired using a Quantum GX microCT 

scanner (PerkinElmer, USA). The mice were 

anesthetized by the inhalation of 3% isoflurane in 

oxygen. After that, mice were placed on a scanner 

platform with a nose cone, supplied with 1.5-2.0% 

isoflurane. The scanner platform was translated 

longitudinally to align the animal chest within the center 

of the field of view. The scanner’s complementary metal-

oxide-semiconductor X-ray flat-panel detector was set to 

allow image acquisition with an X-ray tube voltage of 90 

kV and current of 80 μA. For Hounsfield unit (HU) 

calibration, a phantom consisting of an air-filled 1.5 ml 

tube inside a water-filled 50 ml tube (water: 0 HU, air: -

1000 HU) was scanned. µCT data were collected in list 

mode over a single complete gantry rotation with a total 

rotation time of 4 min (in total, 14688 frames were 

collected). After data collection, the mouse was removed 

from the scanner and monitored during recovery from 

anesthesia. Raw projection images were processed 

using a proprietary algorithm for intrinsic retrospective 

respiratory gating and then reconstructed using a filtered 

back-projection algorithm on a dedicated graphics 

processing unit. Reconstructed volumes were loaded and 

processed by Analyze 12 software (Analyze Direct, 

Mayo Clinic). Lung segmentation and quantitative 

analysis of the lung density, functional residual capacity 

(FRC) and lung’s air to tissue ratio were performed as 

described [36]. 

Design-based stereology 

The analysis of the lung architecture was performed 

following the recommendations of the American 

Thoracic Society/European Respiratory Society for 

quantitative analysis of lung structure [37]. Briefly, lungs 

were flushed blood-free with saline via the pulmonary 

artery. Afterward, the right lung lobe was clamped, 

removed, and stored in liquid nitrogen for further 

analyses. The left lobe was fixed with formaldehyde by 

intratracheal infusion of 4.5% formaldehyde at 15 

cmH2O and via the pulmonary artery at 20 cmH2O for 15 

min. The Archimedes principle assessed lung volume. 

Subsequently, the entire left lung was embedded in 3% 

agar and cut into ∼3mm sections. The sections were 

dehydrated and embedded in paraffin next to each other. 

2μm sections were prepared and stained with Verhoeff-

van Giesson. The assessment of the number of alveoli 

was performed on two alternate sections with a thickness 

of 2μm at a distance of 2μm from each other, which were 

placed side by side on the same slide and examined using 

a light microscope (Leica, Germany) equipped with 

newCast software for stereology (Visiopharm, 

Denmark). 

Vascular morphometry 

The degree of muscularization of pulmonary arterial 

vessels was determined in lung paraffin sections that 

were stained with the α-smooth muscle actin antibody 

(clone 1A4, dilution 1:900, Sigma-Aldrich, USA) to 

identify α-smooth muscle actin-positive cells and with the 

anti-mouse von Willebrand-factor antibody (GA527, 

dilution 1:900, Dako, Germany) to identify endothelial 

cells as in [35]. Vessels were categorized as fully 

muscularized (>70% vessel circumference α-smooth 

muscle actin positive), partially muscularized (5% to 70% 

vessel circumference α-smooth muscle actin positive), 

and non-muscularized (<5% vessel circumference α-

smooth muscle actin positive). 

Primary cell isolation 

Mouse primary alveolar pneumocytes type II (AECII), 

pulmonary artery smooth muscle cells (PASMC), and 

primary endothelial cells (EC) were isolated as 

previously described [ 3 8 ] . Mouse primary lung 

fibroblast (Fb) were isolated using the crawl-out technic 

as previously described [39]. 

 

Electron spin resonance (ESR) microscopy 

 

Intracellular and extracellular concentrations of ROS and 

reactive nitrogen species (RNS) were determined in lung 

homogenate by a Bruker electron spin resonance (ESR) 

spectrometer (EMXmicro; Bruker Biospin, Germany), 

using the spin probe 1-hydroxy-3-methoxycarbonyl-

2,2,5,5-tetramethylpyrrolidine (CMH [40]). Lung tissue 

were homogenized in ESR-Krebs HEPES buffer (99.0 

mM NaCl, 4.69 mM KCl, 2.5 mM CaCl2x 2H2O, 1.2 mM 

MgSO4 x 7H2O, 25 mM NaHCO3, 1.03 mM KH2PO4, 5.6 

mM D(+) Glucose, 20 mM Na-HEPES, 25 μM 

deferoxamine, 5 μM diethyldithiocarbamate) containg 

protease inhibitor cocktail (Sigma-Aldrich, USA). 

Afterwards, samples were incubated for 30 min at 37°C 

with 0.5mM CMH. Following this procedure samples 

were collected into 1 ml syringes and flash frozen in 

liquid nitrogen. The X-Band (9.65 GHz) ESR 

measurements were performed at room temperature (20 

– 22°C). The experimental parameters were as follows: 

G-factor 2.0063, center field ~3360 G, microwave power 
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2,000 mW, receiver gain 50 dB, time constant 10,24 ms, 

modulation amplitude 2,999 G, modulation frequency 

100 GHz. The data from ESR microscopy were 

normalized to protein concentration measured by DC 

protein assay from Bio-Rad. 

 

Western blot 

 

Lung tissue and cells were homogenized in lysis buffer 

(Cell signaling, USA). Samples were centrifuged at 

14000g for 10 min at 4°C to remove debris. Protein 

concentration was determined using the DC protein assay 

from Bio-Rad. Samples for SDS-PAGE were denatured 

in a reducing Laemmli loading buffer at 99°C for 10 min. 

25-30 µg of total protein per lane was electrophoretically 

separated in 12% TGX Stain-free Acrylamide gels and 

transferred into PVDF membranes (Pall Corporation, 

Germany) by a semidry-blotting method. The 

membranes were blocked using 6% non-fat milk in TBST 

buffer for 1 hour. Following, primary antibodies were 

used: anti-Shc (dilution 1:1000, 610879, BD 

Transduction Laboratories, USA), anti-p21 (dilution, 

1:500, NBP2-29463, Novus Biologicals, USA), anti-

LaminB1 (dilution 1:1000, #13435, Cell Signaling 

Technology, USA) and anti-β-actin (dilution 1:50000, 

A2228, Sigma-Aldrich, USA). Secondary antibodies 

were used: anti mouse (dilution 1:5000, W402B, 

Promega Madison, USA), and anti-rabbit (dilution 

1:5000, W401B, Promega Madison, USA) 

 

Real-time RT-PCR 

 

According to the manufacturer’s instructions, total 

mRNA was extracted from murine lung tissue using the 

RNeasy Mini kit (QIAGEN, Germany). RNA was 

reverse-transcribed using iScript cDNA Synthesis Kit 

(Bio-Rad, USA). qRT-PCR was performed in duplicates 

(technical replicates) with one µg of cDNA using the iQ 

SYBR Green Supermix (Bio-Rad, USA). Real-time PCR 

was performed with an Mx3000P (Stratagene, Germany) 

under the following condition: 1 cycle at 95°C for 10 min, 

then 40 cycles at 95 for 10 s, 59°C for 10 s, 72°C for 10 s. 

The Ct values were normalized to endogenous B2M (beta-

2-microglobulin) expression. 

 

β -galactosidase staining 

 

Senescence-associated β-galactosidase activity was 

measured in fresh lung samples. Lung cryosections of 8 

µm were fixed with 4% PFA (Santa Cruz, USA) for 10 

min and stained using the senescence β-galactosidase cell 

staining protocol (Cell signalling, USA) [41]. The 

counterstaining was performed using Nuclear Fast Red 

(Vector Laboratories, USA) following the manufacturer´s 

instructions. A549 cells and primary mouse fibroblast at 

late passage 6 were used as negative and positive controls 

respectively. Thirty different parenchymal fields were 

analyzed for each lung section. Positive cells were counted 

manually using the free ImageJ software. 

 

Statistical Analysis 

 

Data were analyzed with one- or two-factorial linear 

models with R 4.3.0 (https://www.R-project.org). Where 

appropriate, the response data was log-transformed. 

Applied transformations are noted in the figure legends. 

The appropriateness of the assumptions was checked 

using residual diagnostic plots. For multi-group 

comparisons, post-hoc tests were performed using the 

function glht from the package multcomp 1.4-23 [42] and 

P-values were adjusted for multiple testing using the 

"single-step" method [43]. In two-factorial models with 

no relevant interaction, the main effects of the two 

predictors were tested by F-tests in corresponding linear 

models without interaction terms. P-values <0.05 were 

considered significant. Survival analysis was performed 

with GraphPad Prism 8.4 (GraphPad software, USA). 

Differences in survival were tested with a log-rank test. 

The numbers reported in all experiments refer to the 

numbers of individual mice or human subjects being 

analyzed. The sample size of all groups can be found in 

Supplementary Table 2.  
 

RESULTS 

 

Lung function was changed in WT and p66Shc-/- to a 

similar extent during aging 

 

Protein expression of p66Shc was detected in different 

primary lung cell types such as AECII, Fb, PASMC, and 

EC (Supplementary Fig. 1A). Accordingly, mRNA 

expression of p66Shc was detected in all lung cell 

population with some preference towards endothelial cells 

in humans [44]. To investigate whether p66Shc 

expression undergoes changes during aging in mice and 

humans, considering the differential regulation of aging 

between the two species [45], we measured its expression 

levels in lung homogenate of aged mice and humans. 

P66Shc levels were not significantly changed in human or 

mouse lung homogenate during aging (Supplementary 

Fig. 1B-C). Lung tissue from p66Shc-/- mice was used as 

negative control for the antibody (Supplementary Fig. 

1D). Furthermore, we conducted an analysis of the data 

from the study by Schaum et al., which involved bulk 

RNA-sequencing of 17 organs and plasma proteomics 

across the lifespan of mice [46]. We analyzed these data 

to study the expression of p66Shc in 3-, 12- and 24-

month-old mice in various organs. The bulk RNA-

https://www.r-project.org/
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sequencing results indicated significant regulation only in 

gonadal fat and skin, demonstrating a decrease in p66Shc 

levels with age. (Supplementary Fig. 1E). These results 

support our data that do not indicate detectable alterations 

of p66Shc expression in the lung during aging.  

 

 

 

Figure 1. Lung function changed in WT and p66Shc-/- to a similar extent during aging. In vivo lung function measurements for 

determination of (A) inspiratory lung capacity, (B) static compliance, (C) hysteresis, and (D) tissue elastance at different ages in WT 

and p66Shc-/- mice using a Flexivent system. Multiple tests were performed as general linear hypothesis tests and P-values were 

adjusted for multiple testing using the "single-step" method. If there is no relevant interaction: main effects of the two predictors were 

tested by F-tests in corresponding linear models without interaction terms. n=6-11 mice per group. The sample size for each group is 

indicated in the Supplementary Table 2. *p <0.05, **p≤0.01, ***p ≤0.001.  

Aging of the lungs in WT mice was characterized by 

an increase of inspiratory lung capacity (Fig. 1A), static 

compliance (Fig. 1B), and hysteresis (Fig. 1C), as well as 

by a decrease of tissue elastance (Fig. 1D). These data 

indicate an increased loss of lung tissue elastic recoil with 

aging, which leads to the decline of tissue elasticity (the 

ability to drive passive recoil), and ultimately increases 

lung compliance (distensibility of elastic tissue). Since 

hysteresis, the term used to describe the difference 

between inspiratory and expiratory compliance, is mainly 

affected by extracellular matrix composition and 

surfactant, it also increases with age. Age-related lung 

function alterations were similar in WT and p66Shc-/- 

mice (Fig. 1A-D).  

 

p66Shc-/- accelerated lung aging in middle-aged mice 

 

For further in-depth investigation of lung function and 

structure, in vivo µCT measurements and postmortem 

stereological analyses were performed (Fig. 2). In vivo 

µCT demonstrated a more pronounced effect of aging in 

p66Shc-/- mice compared to WT mice, with a significant 

increase of lung volume (Fig. 2A), FRC (Fig. 2B) and 

air/tissue ratio in p66Shc-/- during aging (Fig. 2C).  This 
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effect was parallel by a lower lung volume and FRC at 3 

and 12 months but not 24 months of age compared to the 

respective WT mice (Fig. 2A, B). Ex vivo measurement 

largely confirmed the µCT data (Fig. 2D-H), indicating an 

increase of lung volume during aging, albeit with different 

kinetics in the genotypes (Fig. 2D). Accordingly, the 

alveolar number was only decreased in p66Shc-/-
 
mice at 

12 months of age (Fig. 2E), while alveolar density 

decreased in both mouse strains (Fig. 2F, G). Statistical 

analysis indicated a more prominent decline in alveolar 

density and alveolar number in p66Shc-/-
 
mice (Fig. 2E, F). 

Differences in lung volume and alveolar number at 12 

months of age may have been related to a general effect 

of p66Shc on mouse growth, as the body weight and tibia 

length of p66Shc-/- was lower compared to WT mice at 

this age (Fig. 2H, Supplementary Fig. 2A). The survival 

analysis of WT and p66Shc-/- mice kept for 24 months did 

not reveal any significant effect of the genotype 

(Supplementary Fig. 2B). In summary, lung volume 

parameters and alveolar density decreased faster during 

aging in p66Shc-/- mice than WT mice. However, these 

effects were partially caused by differences at the baseline 

level of 3 months and may be affected by a general effect 

of p66Shc-/- on body growth. 

 

 

 

 

 

Figure 2. p66Shc-/- accelerates lung aging 

in middle-aged mice. (A-C) In vivo micro-

computed tomography (µCT) for 

determination of (A) lung volume, (B) 

functional residual capacity, and (C) air/tissue 

ratio at different ages in WT and p66Shc-/- 

mice. n=6-12 mice per group. (D) Postmortem 

analysis of lung volume. (E-F) Stereological 

analysis of (E) total number of alveoli and (F) 

alveolar density of the lungs’ left lobe at 

different ages in WT and p66Shc-/- mice. n=5 

mice per group. (G) Representative images of 

Verhoeff-van Gieson- stained 2 µm paraffin 

sections from WT and p66Shc-/- mice at 

different ages. (H) Bodyweight of mice at 

different ages. n=6-12 mice per group. Data 

were log-transformed for analysis, except for 

body weight. Multiple tests were performed as 

general linear hypothesis tests and P-values 

were adjusted for multiple testing using the 

"single-step" method. If there is no relevant 

interaction: main effects of the two predictors 

were tested by F-tests in corresponding linear 

models without interaction terms. The sample 

size for each group is indicated in the 

Supplementary Table 2. *p<0.05, **p≤0.01, 

***p ≤0.001. 
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Figure 3. p66Shc
-/- 

induces 

premature cell cycle arrest 

during aging. (A-B) p21 protein 

expression in lung homogenate at 

different ages in WT and p66Shc-

/- mice. n=4-5. (C-E) p21 protein 

expression in lung homogenates 

from WT and p66Shc-/- mice of 

corresponding ages. n=6. (F-H) 

Lamin B1 protein expression in 

lung homogenates from WT and 

p66Shc-/- mice of corresponding 

ages. The expression of p21 and 

lamin B1 is depicted as a ratio 

relative to β-actin expression. (I) 

Senescence associated β-

galactosidase (SA β-gal) activity 

in fresh cryo-sections from lungs 

of WT and p66Shc-/- mice at 3, 

12, and 24 months of age (n= 3-4 

mice per group). Thirty 

parenchymal fields were 

randomly selected for each lung 

to quantify the number of β- 

galactosidase positive cells. (J-L) 

mRNA expression of (J) IL6, (K) 

IL-1β beta, and (L) TNFα in lung 

homogenates of p66Shc-/- and 

WT during aging. n=3 mice per 

group. Data were log-transformed 

for analysis. (A-B) Tests were 

performed as general linear 

hypothesis tests and P-values 

were adjusted for multiple testing 

using the "single-step" 

method.  (C-H) P-values are from 

Student’s. t-tests. (I-L) Multiple 

tests were performed as general 

linear hypothesis tests and P-

values were adjusted for multiple 

testing using the "single-step" 

method. Main effects of the two 

predictors were tested by F-tests 

in corresponding linear models 

without interaction terms. n=3-6 

mice per group. The sample size 

for each group is indicated in the 

Supplementary Table 2.  *p 

<0.05, **p≤0.01, ***p ≤0.001. 

p66Shc-/- induced premature cell cycle arrest during 

aging 

 

To investigate if the decrease in the alveolar density in 

p66Shc-/- lungs was related to an increase of p66Shc-

related cellular aging, we measured the senescent marker 

p21 in lung homogenates. First, we compared expression 

of p21, a cell cycle arrest marker during different ages, 

and found an increased expression during aging in both 

WT and p66Shc-/- mice (Fig. 3A, B). Afterwards, we 

directly compared p21 expression in WT and p66Shc-/- 

mice at specific ages (Fig. 3C-E). p21 expression was 

higher in lungs from 3 and 24 months old p66Shc-/- mice 

than WT mice (Fig. 3C-E). As further senescence marker, 
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we investigated lamin B1 expression which is decreased 

during senescence [47]. Lamin B1 expression was higher 

at 3 months, but significantly lower at 12 months, and 

showed a tendency to decrease in 24-month-old p66Shc-/- 

lungs (Fig. 3F-H), thereby partially confirming the p21 

results. Furthermore, we investigated the expression of 

senescence-associated β-galactosidase (Fig. 3I, 

Supplementary Fig. 3A). Consistent with p21 expression, 

we found a significant increase in β-galactosidase positive 

lung cells from both mouse strains during aging. 

Moreover, p66Shc-/- lungs from 12 months old mice had 

a higher level of β-galactosidase positive cells than WT 

mice of the same age (Fig. 3I). Metabolic changes and the 

adoption of a pro-inflammatory phenotype characterize 

senescent cells, known as the senescence-associated 

secretory phenotype (SASP) [48]. Interleukin-6 (IL-6) 

gene expression, one of the most prominent components of 

the SASP, increased during aging in WT mice, and this 

increase was more pronounced in p66Shc-/- mice at the age 

of 12 months compared to WT mice of the same age (Fig. 

3J). Further markers of inflammation, which are also 

increased during senescence, IL-1β, and tumor necrosis 

factor α (TNFα), also increased during aging, and 

differences were observed between the genotypes (Fig. 

3K, L). 

 
 

Figure 4. p66Shc -/- does not affect pulmonary vasculature during aging. (A-B) In vivo hemodynamic measurement of 

RVSP and SAP at different ages in WT and p66Shc-/- mice. n=5-12 mice per gorup. (C) The degree of muscularization of 

small vessels (20-100 µm) is given as the percentage of the number of all vessels (n=6 mice per group). Non - none 

muscularized, Partial – partially and Full - fully muscularized vessels. Representative images of lung paraffin slide 

double immunostained against α-smooth muscle actin (purple) and von Willebrand factor (brown) are provided. Data were 

log-transformed for analysis for (A-B). Multiple tests were performed as general linear hypothesis tests and P-values were 

adjusted for multiple testing using the "single-step" method. If there is no relevant interaction: main effects of the two 

predictors were tested by F-tests in corresponding linear models without interaction terms. The sample size for each group 

is indicated in the Supplementary Table 2. *p <0.05, **p≤0.01, ***p≤0.001. 
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Figure 5. p66Shc -/- differently affects the aging of the right and left ventricle. (A) Ratios of the right ventricular (RV) mass 

to tibia length at different ages in WT and p66Shc-/- mice. (B-D) In vivo assessment of right heart characteristics by 

echocardiography at different ages in WT and p66Shc-/- mice for determination of (B) right ventricular wall thickness (RVWT), 

(C) right ventricular internal diameter (RVID), and (D) tricuspid annular plane systolic excursion (TAPSE). (E) Ratios of the 

left ventricular (LV) mass to the tibia length at different ages in WT and p66Shc-/- mice. (F-J) In vivo assessment of left heart 

characteristics by echocardiography at different ages in WT and p66Shc-/- mice for determination of (F) left ventricular wall 

thickness (LVWT), (G) left ventricular internal diameter (LVID), (H) isovolumic relaxation time corrected to heart rate 

(IVRT/RR), (I) ejection fraction (EF) and (J) cardiac index (CI). n=5-10 mice per group. Data were log-transformed for 

analysis. Multiple tests were performed as general linear hypothesis tests and P-values were adjusted for multiple testing using 

the "single-step" method. If there is no relevant interaction: main effects of the two predictors were tested by F-tests in 

corresponding linear models without interaction terms. The sample size for each group is indicated in the Supplementary Table 

2. *p <0.05, **p≤0.01, ***p≤0.001. 
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Furthermore, we analyzed the levels of total 

extracellular and intracellular ROS/RNS in lung    

homogenates from both WT and p66Shc-/- mice during the 

aging process as increased sensescence can be regulated 

by ROS. This analysis was performed by the gold-

standard method ESR microscopy using the CMH spin 

probe. Although ROS/RNS levels increased with aging, 

we did not detect a significant effect of the genotype 

(Supplementary Fig. 3B).  

 

p66Shc-/- attenuated age-dependent effects in the right 

ventricle without significantly affecting the pulmonary 

vasculature, but accelerated age dependent effects in 

the left ventricle 

 

The RVSP as well as SAP were similar in both mouse 

strains and did not significantly change during aging (Fig. 

4A-B). However, morphometric analysis of the degree of 

muscularized vessels showed substantial remodeling in 

both genotypes at 12 months of age (Fig. 4C, D). 

Furthermore, aging increased RV hypertrophy determined 

by the ratio of the RV mass/tibia length, and the increase 

showed different kinetics in WT and p66Shc-/- mice (Fig. 

5A). Moreover, echocardiographic analysis revealed an 

increase in RV wall thickness, RV dilatation, and a 

decrease in TAPSE during aging (Fig. 5B-D). However, 

RV dilatation and reduction of TAPSE during aging were 

attenuated in p66Shc-/- mice (Fig. 5C, D). Similar to the 

RV, the LV mass/tibia length, LV wall thickness, and LV 

dilatation increased during aging (Fig. 5E-G) with a more 

pronounced effect of LV mass/tibia length in p66Shc-/- 

mice although LV wall thickness (Fig. 5E) was generally 

lower in p66Shc-/- mice (Fig. 5F). Most importantly, LV 

function measured by isovolumetric relaxation time 

(IVRT; diastolic function) and ejection fraction (EF; 

systolic function) deteriorated during aging significantly 

in p66Shc-/- mice but not WT mice (Fig. 5H, I). However, 

although CI also decreased during aging, CI was not 

different between the genotypes (Fig. 5J). 

 

DISCUSSION 

This study investigated for the first time the effects of 

p66Shc-/- on age-related functional and structural changes 

of the lung and pulmonary circulation in mice and 

described tissue-specific effects of p66Shc-/-. Following 

the initially proposed concept that p66Shc-/- exerts 

beneficial effects on aging-related alterations, our data 

show that p66Shc-/- protects against an age- induced 

decline in RV function. However, we found that p66Shc 

deletion does not attenuate age-related alterations of 

pulmonary function and/or structure. Most importantly, 

p66Shc-/- promoted decline in LV function. 

Our data on the lack of a protective effect of p66Shc-

/- on lung aging is in accordance with previous 

investigations that did not detect differences between the 

lifespan of WT and p66Shc-/- mice. These investigations 

showed that the lifespan of p66Shc-/- mice was even 

decreased compared to WT mice when housed in a natural 

condition (outdoor) [49], in contrast to initial 

investigations that reported an increased lifespan of 30% 

in p66Shc-/- mice [26]. In our studies, p66Shc-/- mice also 

showed signs of accelerated lung aging, although it has to 

be taken into account that they started from different 

baseline levels.  

The reasons for the changes observed specifically at 

12 months in p66Shc and the absence of further 

progression at 24 months remain unknown. One 

possibility is that the decline in lung function and structure 

in p66Shc-/- mice reaches a plateau at 24 months. 

Interestingly, a study conducted by Schulte et al. revealed 

that greatest changes in murine lung function were 

observed during the early stages of adulthood, specifically 

between 3 months and 6-12 months [50]. This observation 

may provide an explanation for the accelerated effect of 

p66Shc deletion at this time point, as these mice lack 

"physiological" ROS [7] or a ROS-independent p66Shc-

mediated function [51, 52]. It is worth noting that our 

study did not observe a difference in ROS production 

between WT and p66Shc-/- mice. However, it is plausible 

to consider that alterations in subcellular compartments, 

specific to certain cell types, stimuli-mediated responses, 

or subtle changes in ROS may play a crucial role in 

normal lung development, an aspect that could be lacking 

in p66Shc-/- mice. Additionally, it's important to note that 

we did not investigate mice beyond 24 months, so we 

cannot exclude the possibility of further deterioration in 

lung function/structure in p66Shc-/-mice.  

Thus, p66Shc-/- may have beneficial effects on the 

lung during embryonic development or at very early 

stages of life, which get lost during aging. Furthermore, 

we detected lower body weight in p66Shc-/- mice, which 

may have contributed to lower lung volume and thus 

alveolar numbers (but not alveolar density). Decreased 

weight of p66Shc-/- mice in the current study was similar 

to data from Berniakovich et al. [53] and Ramsey et al. [32] 

and may be caused by differences in the composition of 

the gut microbiota and their response to diet [54]. This 

finding promotes the earlier observation that the effect 

of p66Shc-/- was affected by housing conditions, 

suggesting an interaction with environmental stress and 

the immune response. Previously, the impact of p66Shc-/-

on the immune system with dysregulation of lymphocyte 

activation, survival, and apoptosis has been described 

[55]. This effect may be prominent in the lung, the organ 

with the most extensive interface with the environment 

and high accumulation of immune cells. We thus 
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speculated that p66Shc-/- might promote pulmonary 

inflammation and senescence – in contrast to the original 

concept of decreased ROS and subsequently decreased 

senescence and investigated markers of inflammation and 

senescence in lung homogenate. In contrast to previous 

observations on p66Shc and cellular senescence in the 

liver [21], we found enhanced senescence markers in the 

lungs of p66Shc-/- by determination of p21, lamin B1 

expression and β-galactosidase in the lung at 12 and/or 24 

months of age. However, the last marker needs to be 

interpreted with caution since the expression of β-

galactosidase in macrophages is a sign of polarization 

rather than senescence [56] and also may indicate effects of 

p66Shc-/- on macrophage function. Interestingly, we 

discovered that while both senescence markers, p21 and 

lamin B1, indicate increased senescence in older p66Shc-

/-  mice compared to WT mice, they demonstrated distinct 

regulation patterns in 3-month-old mice. Lamin B1 is 

known to regulate various cellular processes, including 

tissue development, cell cycle progression, cellular 

proliferation, and DNA damage response and thus may be 

differently regulated than p21 [57]. The underlying nature 

of this discrepancy warrants further investigation and 

should be addressed in future studies but may be related 

to our functional studies, which show differences at 3 

months. The cellular mechanisms underlying the increase 

of p21 expression in p66Shc-/- mice are not clear. 

Interestingly, recent publications suggest that p66Shc 

silencing could initiate a metabolic shift towards 

anaerobic glycolysis [58], which is known to up-regulate 

AMPK-p53 signaling pathways [59]. However, we cannot 

exclude an increase of ROS-p53-independent activation 

of p21 expression [60] in p66Shc-/-. Increased 

inflammation in p66Shc-/- mice was shown by enhanced 

IL6, IL-1β, and TNFα mRNA levels, which are also 

essential components of the SASP and may indicate 

increased senescence [48, 61, 62]. It is important to note 

that the increased inflammation in p66Shc-/- mice may not 

only be a consequence of senescence but could also serve 

as a trigger for senescence [63]. Accordingly, the chronic 

exposure of p66Shc-/- mice to cigarette smoke increased 

inflammation and accumulation of macrophages within 

and around bronchioles [64]. Thus, the effects of p66Shc-/- 

on the immune system may overlap with its protective 

anti-oxidative effects and accelerate age-dependent 

pulmonary processes. However, it is important to interpret 

these findings with caution as the protein levels of IL6, 

IL-1β, and TNFα were not investigated in this study. 

Therefore, the specific impact of p66Shc-/- on the release 

of these cytokines cannot be definitively determined. 

However, there is a report that provides evidence for 

comparable levels of mRNA cytokine expression and 

cytokine release [65]. Additionally, it is worth 

considering that a systemic inflammatory response or 

organ dysfunction, which may contribute to the observed 

pulmonary effects, cannot be ruled out, as a global 

p66Shc-/- model was utilized in this study.  

Furthermore, our findings are consistent with 

previous research [46], as we observed no significant 

differences in p66Shc protein expression in lung 

homogenates of mice or men during natural aging. In 

addition, our data revealed that p66Shc was expressed in 

all primary mouse cell lines investigated, including 

AECII, mFb, PASMC, and EC. These results align with 

the findings of Habermann et al. [44] in human data, 

where p66Shc was found to be expressed in the majority 

of lung cells, with a slight preference towards endothelial 

cells, as supported by The Human Protein Atlas 

(www.proteinatlas.org/). Therefore, it is plausible that 

p66Shc exerts cell-type-specific effects on lung function. 

Although we did not investigate posttranslational 

modifications of p66Shc, which may play a role in lung 

aging, p66Shc is mainly regulated by its Ser36 

phosphorylation and, therefore, by mitochondrial 

translocation [66]. 

Considering the role of p66Shc for release of ROS 

[17-19, 25, 67], as well as the known association between 

ROS and senescence [13], we investigated the levels of 

ROS/RNS during aging by the gold standard method ESR 

microscopy using the spin probe CMH. Thereby, we 

found that ROS/RNS levels were increased in lung 

homogenate during aging. However, in contrast to 

previous findings [51, 67], we did not detect significant 

differences in the genotypes. This discrepancy could be 

explained by the fact that we measured ROS/RNS levels 

under basal conditions, while the effects of p66Shc can 

only be detected after stimulation. For instance, in our 

previous publication, we found that the level of hydrogen 

peroxide was not altered at the basal level in isolated 

mitochondria from p66Shc-/- mice, but after rotenone 

stimulation [68]. Additionally, as mentioned earlier, it is 

important to consider the possibility that subcellular 

compartments or cell-specific ROS, which were not 

investigated in this study, might be absent in p66Shc-/- 

mice. Furthermore, p66Shc knockdown may affect 

senescence by its ROS-independent signaling [51, 52]. 

For instance, p66Shc can form a complex with forkhead 

box O3 (FOXO3a) and Pak-interacting exchange factor 

(β1Pix), facilitating β1Pix-induced FOXO3a 

phosphorylation [51]. Additionally, p66Shc can interact 

with focal adhesion kinase (FAK), leading to YAP/TAZ 

(Yes-associated protein; TAZ: Transcriptional coactivator 

with PDZ-binding motif) nuclear translocation and cell 

proliferation [52]. Both the FOXO3a and YAP/TAZ 

pathways are involved in the process of senescence [69, 

70].  

At the lung functional and structural level, our study 

showed that natural lung aging in WT mice was 

http://www.proteinatlas.org/
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characterized by an increase in inspiratory lung capacity, 

FRC, lung compliance, and, accordingly, a decrease in 

tissue elasticity. These data are consistent with the 

observation that aging decreases lung tissue elastic recoil, 

which can cause the observed changes in lung functions 

and structure [71]. However, the number of alveoli did not 

change. Our findings differ from a study by Schulte et al., 

[50] which found similar lung functional/structural 

changes in WT mice during aging and a decrease in the 

number of alveoli at 12 months of age. Instead, our 

findings are similar to human lung aging. A reduction 

of elastic recoil causes increased lung compliance and 

FRC [71, 72], and there is an increase in the size of alveoli 

without changing their number [73]. In humans, the term 

“senile emphysema” has been used to describe these age-

related morphological changes in the lung. It has to be 

pointed out that this is a misleading term as aging does not 

result in alveolar wall destruction and inflammation as in 

cigarette smoking-related emphysema [74]. Thus, our 

findings in WT mice resemble human airway and alveolar 

alterations during aging. 

Going beyond previous studies on these pulmonary 

alterations, we also investigated the effect of aging on 

pulmonary circulation. Aging in both mouse strains did 

not significantly affect RVSP, but increased pulmonary 

vascular muscularization. Moreover, aging caused RV 

remodeling and decreased RV function. The effects in the 

RV were attenuated in p66Shc-/- mice. The different 

effects of p66Shc-/- on pulmonary vascular remodeling and 

the RV may be explained by a differential role of ROS in 

these processes, as described previously [75]. Only a few 

reports describe the effect of aging on the RV in 

experimental animals. A recent study in rats showed 

similar aging effects on the RVWT as our study [76]. 

Moreover, human studies report a decrease in RV function 

with age [77]. Thus, our data on RV remodeling and 

function in WT mice are in accordance with other studies. 

Moreover, a previous investigation did not show any 

differences in RV function between WT and p66Shc-/- 

mice at baseline level or after pulmonary arterial banding 

[68], following our findings in 3 months old mice. In 

contrast to the effects on the RV, p66Shc-/- accelerated LV 

aging. Accordingly, Hirschhäuser et al. showed that 

p66Shc-/- changed the geometry of the LV and decreased 

LV fractional shortening at a basal level [68]. Our study 

has not addressed the cause of the different effects of 

p66Shc-/- on RV and LV during aging. However, different 

signaling pathways in the RV and LV have been 

previously described [78]. 

 

Conclusions 

 

In our study, p66Shc-/- resulted in organ-specific effects 

on the lung and the heart during aging. In contrast to our 

initial hypothesis that p66Shc-/- may attenuate lung 

aging, p66Shc-/- showed signs of accelerated age-related 

structural pulmonary alterations which may be caused at 

least in part by promoting senescence. In contrast, 

p66Shc-/- attenuated age-related RV remodeling and 

dysfunction while it exacerbated LV dysfunction. To 

gain a comprehensive understanding of systemic and 

organ-specific effects of p66Shc-/- during aging, further 

investigations in cell-type specific knockout mice (e.g., 

immune cell or endothelial specific knockout) are 

warranted. In particular, the cell-type specific effect of 

p66Shc-/- on ROS-dependent and -independent senescent 

pathways and SASP should be further investigated.  

 

Conflicts of Interest 

The authors declare no conflict of interest. 

Acknowledgments 

The authors would like to thank Nils Schupp and Anna 

Reis for their help throughout this work. Portions of the 

doctoral thesis of Claudia F. Garcia Castro are 

incorporated into this report. Grant: Deutsche 

Forschungsgemeinschaft (DFG, German Research 

Foundation). Project number 268555672 – SFB 1213, 

Project A06, A07, B05 and CP02. 

Supplementary Materials  

 

The Supplementary data can be found online at: 

www.aginganddisease.org/EN/10.14336/AD.2023.0715.  

 

References 

 
[1] Narayanan M, Owers-Bradley J, Beardsmore CS, 

Mada M, Ball I, Garipov R, et al. (2012). 

Alveolarization continues during childhood and 

adolescence: new evidence from helium-3 magnetic 

resonance. Am J Respir Crit Care Med, 185:186-191. 

[2] Roman MA, Rossiter HB, Casaburi R (2016). 

Exercise, ageing and the lung. Eur Respir J, 48:1471-

1486. 

[3] Miller MR (2010). Structural and physiological age-

associated changes in aging lungs. Semin Respir Crit 

Care Med, 31:521-527. 

[4] Cardus J, Burgos F, Diaz O, Roca J, Barbera JA, 

Marrades RM, et al. (1997). Increase in pulmonary 

ventilation-perfusion inequality with age in healthy 

individuals. Am J Respir Crit Care Med, 156:648-653. 

[5] Taylor BJ, Johnson BD (2010). The pulmonary 

circulation and exercise responses in the elderly. 

Semin Respir Crit Care Med, 31:528-538. 

[6] Cho SJ, Stout-Delgado HW (2020). Aging and Lung 

Disease. Annu Rev Physiol, 82:433-459. 

[7] Lopez-Otin C, Blasco MA, Partridge L, Serrano M, 

Kroemer G (2013). The hallmarks of aging. Cell, 

153:1194-1217. 



 Liu X., et al.                                                                          p66Shc and lung aging   

Aging and Disease • Volume 15, Number 2, April 2024                                                                              924 

 

[8] Harman D (1992). Free radical theory of aging. Mutat 

Res, 275:257-266. 

[9] Jones DP (2015). Redox theory of aging. Redox Biol, 

5:71-79. 

[10] Van Remmen H, Ikeno Y, Hamilton M, Pahlavani M, 

Wolf N, Thorpe SR, et al. (2003). Life-long reduction 

in MnSOD activity results in increased DNA damage 

and higher incidence of cancer but does not accelerate 

aging. Physiol Genomics, 16:29-37. 

[11] Zhang Y, Ikeno Y, Qi W, Chaudhuri A, Li Y, Bokov 

A, et al. (2009). Mice deficient in both Mn superoxide 

dismutase and glutathione peroxidase-1 have 

increased oxidative damage and a greater incidence 

of pathology but no reduction in longevity. J Gerontol 

A Biol Sci Med Sci, 64:1212-1220. 

[12] Jang YC, Perez VI, Song W, Lustgarten MS, Salmon 

AB, Mele J, et al. (2009). Overexpression of Mn 

superoxide dismutase does not increase life span in 

mice. J Gerontol A Biol Sci Med Sci, 64:1114-1125. 

[13] Davalli P, Mitic T, Caporali A, Lauriola A, D'Arca D 

(2016). ROS, Cell Senescence, and Novel Molecular 

Mechanisms in Aging and Age-Related Diseases. 

Oxid Med Cell Longev, 2016:3565127. 

[14] Campisi J (2016). Cellular Senescence and Lung 

Function during Aging. Yin and Yang. Ann Am 

Thorac Soc, 13 Suppl 5:S402-S406. 

[15] Aghali A, Koloko Ngassie ML, Pabelick CM, 

Prakash YS (2022). Cellular Senescence in Aging 

Lungs and Diseases. Cells, 11. 

[16] Vizioli MG, Liu T, Miller KN, Robertson NA, Gilroy 

K, Lagnado AB, et al. (2020). Mitochondria-to-

nucleus retrograde signaling drives formation of 

cytoplasmic chromatin and inflammation in 

senescence. Genes Dev, 34:428-445. 

[17] Giorgio M, Migliaccio E, Orsini F, Paolucci D, 

Moroni M, Contursi C, et al. (2005). Electron transfer 

between cytochrome c and p66Shc generates reactive 

oxygen species that trigger mitochondrial apoptosis. 

Cell, 122:221-233. 

[18] Spescha RD, Glanzmann M, Simic B, Witassek F, 

Keller S, Akhmedov A, et al. (2014). Adaptor protein 

p66(Shc) mediates hypertension-associated, cyclic 

stretch-dependent, endothelial damage. Hypertension, 

64:347-353. 

[19] Mishra M, Duraisamy AJ, Bhattacharjee S, Kowluru 

RA (2019). Adaptor Protein p66Shc: A Link Between 

Cytosolic and Mitochondrial Dysfunction in the 

Development of Diabetic Retinopathy. Antioxid 

Redox Signal, 30:1621-1634. 

[20] Bhat SS, Anand D, Khanday FA (2015). p66Shc as a 

switch in bringing about contrasting responses in cell 

growth: implications on cell proliferation and 

apoptosis. Mol Cancer, 14:76. 

[21] Zhang J, Li Y, Wang B, Luo Y, Shi J, Zhao B (2020). 

The p66shc-mediated Regulation of Hepatocyte 

Senescence Influences Hepatic Steatosis in 

Nonalcoholic Fatty Liver Disease. Med Sci Monit, 

26:e921887. 

[22] Xiong Y, Yu Y, Montani JP, Yang Z, Ming XF (2013). 

Arginase-II induces vascular smooth muscle cell 

senescence and apoptosis through p66Shc and p53 

independently of its l-arginine ureahydrolase activity: 

implications for atherosclerotic plaque vulnerability. 

J Am Heart Assoc, 2:e000096. 

[23] Haslem L, Hays JM, Hays FA (2022). p66Shc in 

Cardiovascular Pathology. Cells, 11. 

[24] Orsini F, Migliaccio E, Moroni M, Contursi C, Raker 

VA, Piccini D, et al. (2004). The life span determinant 

p66Shc localizes to mitochondria where it associates 

with mitochondrial heat shock protein 70 and 

regulates trans-membrane potential. J Biol Chem, 

279:25689-25695. 

[25] Wright KD, Staruschenko A, Sorokin A (2018). Role 

of adaptor protein p66Shc in renal pathologies. Am J 

Physiol Renal Physiol, 314:F143-F153. 

[26] Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi 

P, Pandolfi PP, et al. (1999). The p66shc adaptor 

protein controls oxidative stress response and life 

span in mammals. Nature, 402:309-313. 

[27] Di Lisa F, Giorgio M, Ferdinandy P, Schulz R (2017). 

New aspects of p66Shc in ischaemia reperfusion 

injury and other cardiovascular diseases. Br J 

Pharmacol, 174:1690-1703. 

[28] Martin-Padura I, de Nigris F, Migliaccio E, Mansueto 

G, Minardi S, Rienzo M, et al. (2008). p66Shc 

deletion confers vascular protection in advanced 

atherosclerosis in hypercholesterolemic 

apolipoprotein E knockout mice. Endothelium, 

15:276-287. 

[29] Menini S, Amadio L, Oddi G, Ricci C, Pesce C, 

Pugliese F, et al. (2006). Deletion of p66Shc 

longevity gene protects against experimental diabetic 

glomerulopathy by preventing diabetes-induced 

oxidative stress. Diabetes, 55:1642-1650. 

[30] Bashir M, Parray AA, Baba RA, Bhat HF, Bhat SS, 

Mushtaq U, et al. (2014). beta-Amyloid-evoked 

apoptotic cell death is mediated through MKK6-

p66shc pathway. Neuromolecular Med, 16:137-149. 

[31] Perez H, Finocchietto PV, Alippe Y, Rebagliati I, 

Elguero ME, Villalba N, et al. (2018). p66(Shc) 

Inactivation Modifies RNS Production, Regulates 

Sirt3 Activity, and Improves Mitochondrial 

Homeostasis, Delaying the Aging Process in Mouse 

Brain. Oxid Med Cell Longev, 2018:8561892. 

[32] Ramsey JJ, Tran D, Giorgio M, Griffey SM, Koehne 

A, Laing ST, et al. (2014). The influence of Shc 

proteins on life span in mice. J Gerontol A Biol Sci 

Med Sci, 69:1177-1185. 

[33] Flurkey K, Currer JM, Harrison DE (2007). Mouse 

models in aging research. In: Fox JG, Davisson MT, 

Quimby FW, Barthold SW, Newcomer CE, Smith AL, 

editors. The Mouse in Biomedical Research. 

Burlington, Elsevier, 637–672. 

[34] Hadzic S, Wu CY, Gredic M, Kojonazarov B, Pak O, 

Kraut S, et al. (2021). The effect of long-term 

doxycycline treatment in a mouse model of cigarette 

smoke-induced emphysema and pulmonary 

hypertension. Am J Physiol Lung Cell Mol Physiol, 

320:L903-L915. 

[35] Seimetz M, Sommer N, Bednorz M, Pak O, Veith C, 



 Liu X., et al.                                                                          p66Shc and lung aging   

Aging and Disease • Volume 15, Number 2, April 2024                                                                              925 

 

Hadzic S, et al. (2020). NADPH oxidase subunit 

NOXO1 is a target for emphysema treatment in 

COPD. Nat Metab, 2:532-546. 

[36] Kojonazarov B, Hadzic S, Ghofrani HA, Grimminger 

F, Seeger W, Weissmann N, et al. (2019). Severe 

Emphysema in the SU5416/Hypoxia Rat Model of 

Pulmonary Hypertension. Am J Respir Crit Care Med, 

200:515-518. 

[37] Hsia CC, Hyde DM, Ochs M, Weibel ER, Structure 

AEJTFoQAoL (2010). An official research policy 

statement of the American Thoracic 

Society/European Respiratory Society: standards for 

quantitative assessment of lung structure. Am J 

Respir Crit Care Med, 181:394-418. 

[38] Saraji A, Sydykov A, Schafer K, Garcia-Castro CF, 

Henneke I, Alebrahimdehkordi N, et al. (2021). 

PINK1-mediated Mitophagy Contributes to 

Pulmonary Vascular Remodeling in Pulmonary 

Hypertension. Am J Respir Cell Mol Biol, 65:226-

228. 

[39] Edelman BL, Redente EF (2018). Isolation and 

Characterization of Mouse Fibroblasts. Methods Mol 

Biol, 1809:59-67. 

[40] Gotham JP, Li R, Tipple TE, Lancaster JR, Jr., Liu T, 

Li Q (2020). Quantitation of spin probe-detectable 

oxidants in cells using electron paramagnetic 

resonance spectroscopy: To probe or to trap? Free 

Radic Biol Med, 154:84-94. 

[41] Debacq-Chainiaux F, Erusalimsky JD, Campisi J, 

Toussaint O (2009). Protocols to detect senescence-

associated beta-galactosidase (SA-betagal) activity, a 

biomarker of senescent cells in culture and in vivo. 

Nat Protoc, 4:1798-1806. 

[42] Hothorn T, Bretz F, Westfall P (2008). Simultaneous 

inference in general parametric models. Biom J, 

50:346-363. 

[43] Bretz FH, T.; Westfall, P. (2010). Multiple 

Comparisons Using R. CRC Press, Boca Raton. 

[44] Habermann AC, Gutierrez AJ, Bui LT, Yahn SL, 

Winters NI, Calvi CL, et al. (2020). Single-cell RNA 

sequencing reveals profibrotic roles of distinct 

epithelial and mesenchymal lineages in pulmonary 

fibrosis. Sci Adv, 6:eaba1972. 

[45] Zahn JM, Poosala S, Owen AB, Ingram DK, Lustig 

A, Carter A, et al. (2007). AGEMAP: a gene 

expression database for aging in mice. PLoS Genet, 

3:e201. 

[46] Schaum N, Lehallier B, Hahn O, Palovics R, 

Hosseinzadeh S, Lee SE, et al. (2020). Ageing 

hallmarks exhibit organ-specific temporal signatures. 

Nature, 583:596-602. 

[47] Freund A, Laberge RM, Demaria M, Campisi J 

(2012). Lamin B1 loss is a senescence-associated 

biomarker. Mol Biol Cell, 23:2066-2075. 

[48] Lopes-Paciencia S, Saint-Germain E, Rowell MC, 

Ruiz AF, Kalegari P, Ferbeyre G (2019). The 

senescence-associated secretory phenotype and its 

regulation. Cytokine, 117:15-22. 

[49] Giorgio M, Berry A, Berniakovich I, Poletaeva I, 

Trinei M, Stendardo M, et al. (2012). The p66Shc 

knocked out mice are short lived under natural 

condition. Aging Cell, 11:162-168. 

[50] Schulte H, Muhlfeld C, Brandenberger C (2019). 

Age-Related Structural and Functional Changes in 

the Mouse Lung. Front Physiol, 10:1466. 

[51] Chahdi A, Sorokin A (2008). Endothelin-1 couples 

betaPix to p66Shc: role of betaPix in cell proliferation 

through FOXO3a phosphorylation and p27kip1 

down-regulation independently of Akt. Mol Biol Cell, 

19:2609-2619. 

[52] Wu RF, Liao C, Fu G, Hayenga HN, Yang K, Ma Z, 

et al. (2016). p66(Shc) Couples Mechanical Signals 

to RhoA through Focal Adhesion Kinase-Dependent 

Recruitment of p115-RhoGEF and GEF-H1. Mol 

Cell Biol, 36:2824-2837. 

[53] Berniakovich I, Trinei M, Stendardo M, Migliaccio E, 

Minucci S, Bernardi P, et al. (2008). p66Shc-

generated oxidative signal promotes fat accumulation. 

J Biol Chem, 283:34283-34293. 

[54] Ciciliot S, Albiero M, Campanaro S, Poncina N, 

Tedesco S, Scattolini V, et al. (2018). Interplay 

between gut microbiota and p66Shc affects obesity-

associated insulin resistance. FASEB J, 32:4004-

4015. 

[55] Finetti F, Pellegrini M, Ulivieri C, Savino MT, 

Paccagnini E, Ginanneschi C, et al. (2008). The 

proapoptotic and antimitogenic protein p66SHC acts 

as a negative regulator of lymphocyte activation and 

autoimmunity. Blood, 111:5017-5027. 

[56] Elder SS, Emmerson E (2020). Senescent cells and 

macrophages: key players for regeneration? Open 

Biol, 10:200309. 

[57] Evangelisti C, Rusciano I, Mongiorgi S, Ramazzotti 

G, Lattanzi G, Manzoli L, et al. (2022). The wide and 

growing range of lamin B-related diseases: from 

laminopathies to cancer. Cell Mol Life Sci, 79:126. 

[58] Soliman MA, Abdel Rahman AM, Lamming DW, 

Birsoy K, Pawling J, Frigolet ME, et al. (2014). The 

adaptor protein p66Shc inhibits mTOR-dependent 

anabolic metabolism. Sci Signal, 7:ra17. 

[59] Sabbatinelli J, Prattichizzo F, Olivieri F, Procopio AD, 

Rippo MR, Giuliani A (2019). Where Metabolism 

Meets Senescence: Focus on Endothelial Cells. Front 

Physiol, 10:1523. 

[60] Aliouat-Denis CM, Dendouga N, Van den Wyngaert 

I, Goehlmann H, Steller U, van de Weyer I, et al. 

(2005). p53-independent regulation of p21Waf1/Cip1 

expression and senescence by Chk2. Mol Cancer Res, 

3:627-634. 

[61] Rea IM, Gibson DS, McGilligan V, McNerlan SE, 

Alexander HD, Ross OA (2018). Age and Age-

Related Diseases: Role of Inflammation Triggers and 

Cytokines. Front Immunol, 9:586. 

[62] Bauernfeind F, Niepmann S, Knolle PA, Hornung V 

(2016). Aging-Associated TNF Production Primes 

Inflammasome Activation and NLRP3-Related 

Metabolic Disturbances. J Immunol, 197:2900-2908. 

[63] Tyciakova S, Valova V, Svitkova B, Matuskova M 

(2021). Overexpression of TNFalpha induces 

senescence, autophagy and mitochondrial 



 Liu X., et al.                                                                          p66Shc and lung aging   

Aging and Disease • Volume 15, Number 2, April 2024                                                                              926 

 

dysfunctions in melanoma cells. BMC Cancer, 

21:507. 

[64] Lunghi B, De Cunto G, Cavarra E, Fineschi S, 

Bartalesi B, Lungarella G, et al. (2015). Smoking 

p66Shc knocked out mice develop respiratory 

bronchiolitis with fibrosis but not emphysema. PLoS 

One, 10:e0119797. 

[65] Sullivan KE, Cutilli J, Piliero LM, Ghavimi-Alagha 

D, Starr SE, Campbell DE, et al. (2000). 

Measurement of cytokine secretion, intracellular 

protein expression, and mRNA in resting and 

stimulated peripheral blood mononuclear cells. Clin 

Diagn Lab Immunol, 7:920-924. 

[66] Pinton P, Rimessi A, Marchi S, Orsini F, Migliaccio 

E, Giorgio M, et al. (2007). Protein kinase C beta and 

prolyl isomerase 1 regulate mitochondrial effects of 

the life-span determinant p66Shc. Science, 315:659-

663. 

[67] Trinei M, Giorgio M, Cicalese A, Barozzi S, Ventura 

A, Migliaccio E, et al. (2002). A p53-p66Shc 

signalling pathway controls intracellular redox status, 

levels of oxidation-damaged DNA and oxidative 

stress-induced apoptosis. Oncogene, 21:3872-3878. 

[68] Hirschhauser C, Sydykov A, Wolf A, Esfandiary A, 

Bornbaum J, Kutsche HS, et al. (2020). Lack of 

Contribution of p66shc to Pressure Overload-Induced 

Right Heart Hypertrophy. Int J Mol Sci, 21. 

[69] Sladitschek-Martens HL, Guarnieri A, Brumana G, 

Zanconato F, Battilana G, Xiccato RL, et al. (2022). 

YAP/TAZ activity in stromal cells prevents ageing by 

controlling cGAS-STING. Nature, 607:790-798. 

[70] Kyoung Kim H, Kyoung Kim Y, Song IH, Baek SH, 

Lee SR, Hye Kim J, et al. (2005). Down-regulation 

of a forkhead transcription factor, FOXO3a, 

accelerates cellular senescence in human dermal 

fibroblasts. J Gerontol A Biol Sci Med Sci, 60:4-9. 

[71] Pride NB (2005). Ageing and changes in lung 

mechanics. Eur Respir J, 26:563-565. 

[72] Kim J, Heise RL, Reynolds AM, Pidaparti RM (2017). 

Aging effects on airflow dynamics and lung function 

in human bronchioles. PLoS One, 12:e0183654. 

[73] Sharma G, Goodwin J (2006). Effect of aging on 

respiratory system physiology and immunology. Clin 

Interv Aging, 1:253-260. 

[74] Fukuchi Y (2009). The aging lung and chronic 

obstructive pulmonary disease: similarity and 

difference. Proc Am Thorac Soc, 6:570-572. 

[75] Pak O, Scheibe S, Esfandiary A, Gierhardt M, 

Sydykov A, Logan A, et al. (2018). Impact of the 

mitochondria-targeted antioxidant MitoQ on 

hypoxia-induced pulmonary hypertension. Eur 

Respir J. 

[76] Sharifi Kia D, Shen Y, Bachman TN, Goncharova EA, 

Kim K, Simon MA (2021). The Effects of Healthy 

Aging on Right Ventricular Structure and 

Biomechanical Properties: A Pilot Study. Front Med 

(Lausanne), 8:751338. 

[77] Chia EM, Hsieh CH, Boyd A, Pham P, Vidaic J, 

Leung D, et al. (2014). Effects of age and gender on 

right ventricular systolic and diastolic function using 

two-dimensional speckle-tracking strain. J Am Soc 

Echocardiogr, 27:1079-1086 e1071. 

[78] Kovacs A, Herwig M, Budde H, Delalat S, Kolijn D, 

Bodi B, et al. (2021). Interventricular Differences of 

Signaling Pathways-Mediated Regulation of 

Cardiomyocyte Function

 


