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Abstract

It is known that there is an age-related progression in diastolic dysfunction, especially prevalent in 

post-menopausal women, who develop heart failure with preserved ejection fraction (HFpEF, 

EF>50%). Mechanisms and therapies are poorly understood, but there are strong correlations 

between obesity and HFpEF. We have tested the hypothesis that P21 activated kinase-1 (PAK1) 

preserves cardiac function and adipose tissue homeostasis during aging in female mice. Previous 

demonstrations in male mice by our lab that PAK1 activity confers cardio-protection against 

different stresses formed the rationale for this hypothesis. Our studies compared young (3–6 

months) and middle-aged (12–15 months) female and male PAK1 knock-out mice (PAK1−/−) and 

wild-type (WT) equivalent. Female WT mice exhibited increased cardiac PAK1 abundance during 

aging. By echocardiography, compared to young WT female mice, middle-aged WT female mice 

showed enlargement of the left atrium as well as thickening of posterior wall and increased left 

ventricular mass; however, all contraction and relaxation parameters were preserved during aging. 

Compared to WT controls, middle-aged PAK1−/− female mice demonstrated worsening of cardiac 

function involving a greater enlargement of the left atrium, ventricular hypertrophy and diastolic 

dysfunction. Moreover, with aging PAK1−/− female mice, unlike male PAK1−/− mice, exhibited 

increased adiposity with increased accumulation of visceral adipose tissue. Our data provide 
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evidence for the significance of PAK1 signaling as an element in the preservation of cardiac 

function and adipose tissue homeostasis in females during aging.
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INTRODUCTION

Heart failure (HF) affects about 6.2 million Americans [8]. HF with preserved ejection 

fraction (HFpEF), EF>50%, comprises about 50% of all HF diagnoses [9] and continues to 

lack effective treatment [10,9]. HFpEF occurs in a greater proportion in postmenopausal 

women vs. men [11–13] and the cause of this difference is unclear. Although multiple 

upstream pathophysiological etiologies can lead to HFpEF (e.g. aging, hypertension, excess 

weight), diastolic dysfunction remains a common characteristic of HFpEF [14]. On the other 

hand, obesity is a global epidemic growing at a fast rate. Over 50% of the world’s 

population [15] and 69% of Americans are either overweight or obese [16]. Moreover, 

obesity and extreme obesity are higher in women than men (National Center for Health 

Statistics) and it is a particular concern for women in midlife [17]. Obesity by itself doubles 

the risk of developing HF [18], and HFpEF is more frequently seen in obese patients (>80% 

of HFpEF patients are overweight or obese) [19,20].

Novel data reported here support the hypothesis that P21 activated kinase 1 (PAK1) 

preserves cardiac function and adipose tissue homeostasis in middle-aged female mice. 

PAK1 is a pleiotropic serine/threonine protein kinase directly activated by Cdc42/Rac1 [5]. 

Cdc42/Rac1 binding to PAK1 induces a conformational change allowing 

autophosphorylation and activation [6,7]. Previous studies in male mice in our laboratory 

reported that PAK1 is a prominent inhibitor of cardiac hypertrophy [1,2], fibrosis [1], 

maladaptive adrenergic signaling [3] and ROS signaling [4]. Despite these important 

findings, age-dependent and sex-related comparisons of the role for PAK1 have not been 

investigated. Data reported here indicate sex related differences are present and may play a 

role in heart failure progression with aging. Moreover, we discovered that PAK1 is present in 

the adipose tissue and that lack of PAK1 results in female fat accumulation that accentuates 

with aging. Our overall hypothesis is that PAK1 regulatory activities in female mice are 

important to preserve cardiac function and adipose tissue homeostasis. Under certain 

conditions, this balance may be broken leading to heart failure and obesity. We tested this 

hypothesis by aging wild type (WT) and global knock-out PAK1 mice (PAK1−/−) for 12–15 

months to mimic middle-aged humans. Our studies discovered that during aging, WT 

females exhibit increased PAK1 abundance in the heart which we propose occurs in an 

attempt to preserve cardiac function. As a proof of concept, disruption of PAK1 signaling in 

middle-aged PAK1−/− female mice, led to concentric hypertrophy, and diastolic dysfunction. 

Moreover, middle-aged PAK1−/− female mice exhibited a significant increase of visceral 

adiposity, like the effects of aging in some women.
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MATERIAL AND METHODS

Mouse Lines.

All protocols were approved by the Animal Care and Use Committee of the University of 

Illinois at Chicago. All animal procedures were conducted in accordance with the Guide for 

the Care and Use of Laboratory Animals published by the United States National Institutes 

of Health, Eighth Edition, 2011. Transgenic PAK1 knock-out mice were previously 

generated in SV129 background [21,22]. The transgenic PAK1 knock-out mice have since 

been rederived in a FVB/N genetic background, as previously described [3]. In the current 

study, we used these PAK1 knock-out mice (PAK1−/−) in the FVB/N background, young 

males and females (3–6 months) and old males and females (12–15 months) for acquisition 

of echocardiography, Western blotting analysis, fat content and organ measurements. Age 

and sex matched FVB/N mice were used as wild type (WT) controls.

Heart Homogenate Preparation.

Mouse ventricles (10–15mg) were prepared in standard relaxing buffer (SRB: 75 mM KCl, 

10 mM Imidiazole pH 7.2, 2 mM MgCl2, 2 mM EGTA, 1 mM NaN3) at a 1:10 ratio relative 

to tissue weight. All buffers contained protease inhibitors (Sigma, P-8340, St. Louis, MO) 

and phosphatase inhibitor cocktail (Millipore, 524624, Burlington, MA) at a 1:100 dilutions 

as well as 100nM Calyculin A (Cell Signaling Technology, 9902, Danvers, MA) solubilized 

in DMSO. Samples were homogenized at 4°C using the Bead Ruptor 24 Elite Homogenizer 

(Omni International, 19–040E, Keenesaw, GA) at the following settings: Power: 5 m/s, 

Time: 15 sec, 3 cycles, 3 minute dwell between each cycle. Homogenized samples were re-

suspended with Industrial Sample Buffer (ISB: 8 M urea, 2 M thiourea, 50 mM Tris pH 6.8, 

3% SDS, 75 mM DTT, 0.05% bromophenol blue) [24] or 2X Laemmli Sample Buffer (Bio-

Rad, Inc., cat#1610737, Hercules, CA) at 1:5 ratio relative to the homogenized protein and 

vortexed for 15 min. The samples were sonicated in a water bath for 10 min and underwent 

one freeze/thaw cycle. The samples were heated for 3 min at 100°C then spin clarified at 

room temperature at 21,000 x G for 3 min. Concentrations were obtained using the Pierce 

660 nM Protein Assay with the addition of the IDCR reagent (Thermo Fisher Scientific, 

22660, Rockford, IL). Samples were stored at −80°C.

Adipose tissue sample preparation.

Perigonadal mouse tissue (40–50 mg) was prepared in RIPA buffer (Sigma-Aldrich, R0278, 

St. Louis, MO) at a 1:3 ratio relative to tissue weight in 0.5 ml bead mill tubes with 1.4 mm 

ceramic beads (Omni International, 19626, Keenesaw, GA). All buffers contained protease 

inhibitors (Sigma, P-8340, St. Louis, MO) and phosphatase inhibitor cocktail set II 

(Millipore, 524625, Burlington, MA) and III (Millipore, 524627, Burlington, MA) at a 1:100 

dilution. Samples were homogenized at 4°C using the Bead Ruptor 24 Elite Homogenizer 

(Omni International, 19–040E, Keenesaw, GA) at the following settings: Power: 5 m/s, 

Time: 30 sec, 1 cycle. The contents were spun down at max speed at 4°C for 10 min, 

resulting in three layers: a fat layer (top), the supernatant (middle), and the pellet (bottom). 

The supernatant was removed and was spun down again at max speed at 4°C for 10 min. 

The second supernatant was extracted and solubilized in 5X Laemmli buffer (50% glycerol, 

500 mM DTT, 7.5% SDS, 300 mM Tris base, pH 6.8, 0.1% bromophenol blue) to a 1X 
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dilution [25]. Protein concentrations were obtained using the Pierce 660 nM Protein Reagent 

(Thermo Fisher Scientific, 22660, Rockford, IL) with the addition of the IDCR reagent 

(Thermo Fisher Scientific, 22663, Rockford, IL). Samples were heated for 10 min at 95°C, 

then stored at −80°C.

Gel Electrophoresis.

Samples were loaded onto a 12% or 15% SDS-PAGE, 0.5% C, pH 8.8 [24]. The gel ran at 

200V for 75 minutes in Tris-Glycine running buffer (0.025 M Tris Base, 0.192 M Glycine, 

0.1% SDS) in a criterion cell (Biorad Inc., 1656001, Hercules, CA). Phosphorylated variants 

of cardiac and adipose PAK1 were separated on 8% SDS-PAGE gels containing 50 μM 

phos-tag (Fujifilm Wako Chemicals, AAL-107, NARD Institute, Ltd. Japan) and 100 μM 

MnCl2 [26]. Phos-tag gels were run at 20 mA/gel for 75–110 min.

Western Blotting Analysis.

1D SDS-PAGE gels were transferred onto either a 0.2 μm nitrocellulose or polyvinylidene 

difluoride (PVDF) membrane for 90 min at 20V in a criterion tank blotter (Bio-Rad, Inc., 

13036, Hercules, CA). Phos-tag gels were treated twice with 5 mM EDTA in the transfer 

buffer (10mM CAPS, pH 11.0 [27]) for 10 minutes each time, then washed once with 

transfer buffer for 10 minutes. The gel was then transferred onto either a 0.2 μm 

nitrocellulose or 0.2 μm PVDF membrane for 90 min at 30V. To visualize post-transfer 

efficiency and loading, the blot was stained with SWIFT Stain following manufacturers 

recommendations (G-Biosciences, 786677, St. Louis, MO). All blots were blocked in either 

5% nonfat dry milk+ TBS-T (Tris-buffered saline, pH 7.5, 0.1% Tween-20) or 2% bovine 

serum albumin (BSA) + TBS-T for 1 hour at room temperature. The blots were washed once 

with 1X TBS-T prior to addition of the primary antibody. Primary antibodies were incubated 

overnight at 4°C. All primary and secondary antibodies’ dilutions and suppliers are listed in 

Supplementary Table 1. Three 5-minute washes of 1X TBS-T were done following primary 

antibody incubation. Secondary antibodies were incubated for 90 minutes at room 

temperature. Three 5-minute washes of TBS-T were done following secondary incubation. 

The blots were developed with Clarity ECL Substrate (Bio-Rad, Inc., 1705061, Hercules, 

CA) or SuperSignal West Femto Maximum Sensitivity ECL Substrate (Thermo Fisher 

Scientific, 34094, Waltham, MA). ChemiDoc MP Imaging System (Bio-Rad, Inc., Hercules, 

CA) was used to image gels and blots. Band densities were determined and analyzed using 

ImageLab 6.0.1 software (Bio-Rad, Inc., Hercules, CA) and Microsoft Excel.

Echocardiography.

Vevo 2100 system (FUJIFILM VisualSonics, Toronto, Ontario, Canada) with MS550 probe 

30 um resolution were used to perform echocardiography. We induced anesthesia with 3% 

isoflurane in 100% O2 and placed the mouse in echocardiography warming plate to maintain 

mouse body temperature close to 37°C during the procedure. We maintained anesthesia at 

1.5–2.5% throughout the procedure. ECG was continuously monitored. We adjusted the 

isoflurane concentration to maintain a heart rate in the range of 380–460 beats per minute. 

We used B-mode to obtain 2-dimenstional real time long axis view images and then changed 

to M-Mode to obtain images of the left ventricle (LV), aortic root and left atrium (LA). We 

used the parasternal short axis view at the level of the papillary muscles to measure LV 
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internal dimension, anterior and posterior wall thickness. Afterwards, we repositioned the 

stand to the Trendelenburg position and positioned the probe to obtain the apical 4-chamber 

view. We used color Doppler as a guidance in apical 4-chamber view to obtain blood flow 

Doppler and measured the peak velocities of flow in early diastole (E) and after LA 

contraction (A). In this same view we measured tissue Doppler close to the mitral valve 

annulus at the septal portion and measured peak myocardial relaxation velocity in early 

diastole (e’) and after LA contraction (a’) and peak myocardial contraction velocity in 

systole (s’). All measurements and calculation were averaged from three consecutive cycles. 

[28]. Data analysis was performed using Vevo Analytic Softwate (VisualSonics, Toronto, 

ON, Canada).

Total fat mass measurements.

Total fat mass was measured using a Nuclear Magnetic Resonance (TD-NMR Minispec 

LF50) body composition live mouse analyzer. With NMR technology we were able to 

analyze fat tissue, lean tissue and free body fluid. Mice were awake and placed in a 

cylindrical container inside the NMR machine. The procedure took about 2 minutes per 

mouse. After procedure mice were placed back into their cages.

Adipose Tissue Measurements.

The major fat depots are traditionally classified as white adipose tissue (WAT) and brown 

adipose tissue (BAT). WAT is comprised by subcutaneous adipose tissue, and visceral 

adipose tissue. Visceral-WAT surrounds the inner organs and can be divided in mesenteric 

and perigonadal [29]. Identification and dissection of mouse adipose depots were previously 

described [30–32]. Briefly, anesthetized mice were placed on a dissection pan. Dorsal and 

ventral external surfaces of the mouse were sterilized using 70% ethanol. Heart was 

harvested for biochemistry studies. While having the mouse lay on its back in a supine 

position, skin and peritoneal cavity wall were cut with a vertical incision. Perigonadal WAT 

was identified as the WAT that surrounds the uterus and ovaries in females and the WAT that 

is bound to the epididymis, and testes in males. Mesenteric WAT surrounded the small and 

large intestines. To dissect this depot, we removed the intestines by cutting at the base of the 

stomach and the rectum. We used forceps to separate the WAT away from the intestines 

beginning at the duodenum and continuing to the end of the rectum. To identify 

subcutaneous WAT, we used forceps to peel back the skin from the peritoneal cavity and the 

lower limb and found subcutaneous WAT located to the upper site of the hind limbs and 

underneath the skin. To isolate BAT, mouse was laid in a prone position and dorsal skin was 

cut. BAT was located between the scapulae. All these fat depots (left and right) were 

weighted and normalized to tibia length.

Food intake.

Food intake was calculated by weighting the food pellets consumed by single caged mice for 

an average of 5 days. Food weight was normalized to the body weight of the animal and 

divided by the number of days the mice were single caged and expressed as food intake 

index.
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Statistical Analysis.

Statistical analysis was performed using GraphPad Prism 8.0.2 Software (GraphPad, Inc., 

San Diego, CA). Data was analyzed with a two-way ANOVA with Fisher LSD test and 

multiple comparisons to identify significant differences among 3 or more groups. Student’s 

t-test was used to compare 2 independent groups. P values of less than 0.05 were considered 

statistically significant. Shapiro-Wilks test was used to assess normality, and Spearman’s 

rank correlation test was used to detect heteroscedasticity. Data was presented as mean ± 

SEM.

RESULTS

PAK1 abundance increased with aging in WT female mice hearts.

Western blot analysis indicated that PAK1 abundance increased in the hearts of middle-aged 

WT female mice compared to young WT females and to middle-aged WT male mice 

(Figure 1A, B). Mn2+-Phos-Tag analyses revealed that doubly phosphorylated PAK1 

significantly decreased with aging in WT female, but not in male mice (Figure 1C, D). This 

increased PAK1 abundance in female aging hearts should be considered an important 

element in the response to aging and as a potential compensatory mechanism to decreased 

PAK1 phosphorylation.

Phosphorylation levels of Cdc42 increased with aging in WT female mice hearts.

Phosphorylation of Cdc42 at Ser71 significantly increased with aging in female hearts 

(Figure 2A, B). Previously, it has been reported that phosphorylation of Rac1 and Cdc42 at 

Ser71 abrogated their binding to their common effector protein, PAK1 [33]. Thus, increased 

Cdc42 phosphorylation in middle-aged WT female mice would likely result in diminished 

PAK1 activation. Our results suggest that with aging, WT females develop compensatory 

mechanisms to preserve cardiac function. These compensatory mechanisms include 

increased PAK1 abundance in response to decreased Cdc42 activity. No significant 

differences in Cdc42 abundance were found between groups (Figure 2C, D).

Disruption of PAK1 signaling in middle-aged female mice induced hypertrophy and 
impaired diastolic function.

In view of our results showing that PAK1 might be a critical signaling pathway that limits 

cardiac dysfunction in middle-aged female mice, we used echocardiography to study cardiac 

structure and cardiac function in WT and PAK1−/− mice (Figure 3, and 4, Supplementary 

Tables 2–4). Figure 3A shows representative M-mode images of short axis and the thickness 

of the posterior left ventricular (LV) wall during diastole, that is increased in middle-aged 

PAK1−/− female mice. Tissue Doppler images of the mitral annulus showed that middle-

aged PAK1−/− female mice have the slowest peak myocardial relaxation velocity (e’) (Figure 

3B). All mice maintained an ejection fraction (EF) > 50% (Figure 4A). PAK1−/− males, WT 

females, and PAK1−/− female hearts showed increased left atrium (LA) diameter with aging 

(Figure 4B). Both WT and PAK1−/− female hearts showed increased LV posterior wall 

thickness in diastole (PWd) with aging, but middle-aged PAK1−/− females showed the 

thickest wall among the other female groups (Figure 4C). PAK1−/− males, WT females, and 
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PAK1−/− female hearts showed increased LV mass during aging; but both middle-aged 

PAK1−/− males and PAK1−/− female mice exhibited the highest LV mass among the other 

groups (Figure 4D). Middle-aged PAK1−/− female hearts showed the highest relative wall 

thickness (RWT) (Figure 4E), calculated as: (interventricular septum + posterior wall 

thickness at end-diastole)/(LV internal diameter at end-diastole). Taken together, increased 

LV wall thickness, increased LV mass and increased RWT suggest that middle-aged 

PAK1−/− female mice exhibited concentric LV hypertrophy. Additionally, PAK1−/− middle-

aged female hearts exhibited slower tissue Doppler of myocardial contraction velocity 

during systole (s’) when compared to WT groups (Figure 4F). Moreover, PAK1−/− aged 

female hearts exhibited impaired relaxation as shown by the slowest peak myocardial 

relaxation velocity (e’) during early diastolic filling (Figure 3B and 4G), the highest blood 

flow Doppler (E) to e’ ratio (E/e’) (Figure 4H), and the longest E wave deceleration time 

(DT) (Figure 4I). In summary, PAK1−/− female hearts developed concentric LV hypertrophy 

and deterioration of diastolic function with aging.

PAK1 was present in visceral adipose tissue.

PAK1 was detected by Western blot in perigonadal visceral adipose tissue and its abundance 

showed a trend for increase in middle-aged WT female mice (Figure 5A, B). No differences 

were found in the relative ratio of PAK1 phosphorylation forms over total PAK1, detected 

with Mn2+-Phos-Tag analyses (Figure 5C, D). Additionally, we did not find any changes in 

Cdc42 abundance in perigonadal visceral adipose tissue (Supplementary Figure 1); however, 

we were not able to detect by Western blot the phosphorylated form of Cdc42 in adipose 

tissue.

Deletion of PAK1 caused increased visceral adiposity in middle-aged female mice.

When aged, PAK1−/− females exhibited a significant increase in body weight reaching 

similar levels to aged PAK1−/− male mice on a standard chow diet (Figure 6A). Moreover, 

middle-aged PAK1−/− female mice showed the highest percentage of fat mass assessed by 

Nuclear Magnetic Resonance (Figure 6B) and the greatest accumulation of visceral WAT, 

including perigonadal (Figure 6C) and mesenteric fat (Figure 6D). Sub-cutaneous fat was 

also higher in middle-aged PAK1−/− females compared to the other female groups; however, 

no differences were found between middle-aged PAK1−/− males and females (Figure 6E). As 

shown in Figure 6F, there were similar levels of brown adipose tissue (BAT) regardless of 

sex, age, or expression of PAK1. We did not find any differences in food intake between 

groups (Figure 6G); thus, increased fat accumulation in middle-aged PAK1−/− female mice 

cannot be attributed to increased food intake.

DISCUSSION

In this study we have identified a novel protective role of PAK1 in response to aging in 

female mice. Our major findings are: 1) PAK1 is more abundant in middle-aged WT female 

mice hearts in response to decreased Cdc42 activity; 2) PAK1 is present in visceral adipose 

tissue; and 3) Global deletion of PAK1 results in obesity, concentric cardiac hypertrophy and 

diastolic dysfunction in middle-aged female mice only.
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Preservation of cardiac function during aging in WT female mice is likely due to increased 
PAK1 abundance.

This is the first study to demonstrate that PAK1 abundance in the heart differs between 

males and females during aging. Lack of PAK1, in middle-aged female mice, results in 

hypertrophy and impaired diastolic function (Figure 3 and 4). Previous reported studies 

employing a conditional cardiac tissue specific PAK1 knock-out mouse model (PAK1cko) 

demonstrated that the absence of PAK1 exacerbates cardiac hypertrophy in a pressure 

overload mouse model. In this same study, FTY720 a PAK1 activator, prevented pressure 

overload-induced hypertrophy [2]. However, these studies only used PAK1cko male mice. 

The lack of PAK1 in female hearts was not addressed. Moreover, the participation of PAK1 

in the response to aging has not been investigated. Clinical research has demonstrated that 

premenopausal females have lower risk of developing heart failure compared to men at the 

same age; however, this advantage is lost after entering menopause, when the rate of cardiac 

hypertrophy and diastolic dysfunction significantly increase among postmenopausal women 

[34,35]. Studies in aged rat models showed that the absence of estrogens induced diastolic 

dysfunction with preserved ejection fraction [36]. Furthermore, there is evidence in other 

tissues that PAK1 is regulated by estrogens through estrogen receptor-α (ERα) [37]; thus, it 

is possible that a decline of estrogen signaling in the hearts of our 12–15 month-old WT 

female mice, as it was previously shown in other organs [38–40], triggers a compensatory 

increase in PAK1 abundance as a cardio-protective mechanism against aging. However, 

under certain conditions these mechanisms may be altered and may result in overt heart 

failure. In future studies, it will be of interest to determine the abundance and 

phosphorylation of PAK1 in the hearts of pre and postmenopausal women with and without 

heart failure, to corroborate our hypothesis. It may be possible that women that cannot 

compensate aging with increased cardiac PAK1 levels will be more prone to hypertrophy 

and diastolic dysfunction, as seen in our middle-aged female PAK1−/− mice. On the other 

hand, males seem to use other compensatory mechanisms to preserve cardiac function 

during aging, different from females and that may be hormone related.

Downregulation of Cdc42 in middle-aged WT female mice hearts triggers a compensatory 
increase in PAK1 abundance.

In the present study, our data indicated that with aging WT female hearts showed an increase 

in phosphorylated levels of Cdc42 (pSer-71) (Figure 2A, B), likely to induce a decrease in 

Cdc42 activity. Interactions with PAK1 were abrogated by pseudo-phosphorylation (S71E) 

of Cdc42 and Rac1 [33], thereby negatively affecting their activity. Furthermore, using a 

cardiac specific deletion of Cdc42 mouse model, it was demonstrated that Cdc42 acts as an 

antihypertrophic mediator in mice hearts [41]. Conversely, others have shown that 

overexpression of Cdc42 enhances myocyte growth in culture, whereas overexpression of a 

dominant-negative Cdc42 mutant reduced cardiomyocyte growth [42]. We propose that 

increased PAK1 abundance in middle-aged PAK1−/− female mice (Figure 1A, B) provides a 

compensatory mechanism in response to decreased Cdc42 upstream activity. It is of interest 

that all PAK1−/− mice groups show overall decreased levels of Cdc42 phosphorylation, that 

may be due to a lack of regulatory feedback from PAK1 (Supplementary Figure 2A, B).
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With aging female PAK1−/− mice show impaired myocardial relaxation not present in WT 
females.

Echocardiography data showed concentric hypertrophy in middle-aged PAK1−/− female 

mice as indicated by increased posterior ventricular wall thickness (Figure 3A and 4C), 

increased LV mass (Figure 4D) and increased RWT (Figure 4E). In humans, concentric 

hypertrophy is defined as increased LV index (LV mass normalized to body surface area) 

and RWT greater than 0.42 [44]. For our echocardiographic analyses in mice, we used the 

corrected LV mass value, as calculated by Vevo LAB software, and the RWT formula: 

(interventricular septum + posterior wall thickness)/(LV internal diameter at end-diastole). 

Even though the RWT values in the middle-aged PAK1−/− female mice group did not reach 

human levels of >0.42, RWT in this group of mice was the highest and significantly different 

from the other female groups. Middle-aged PAK1−/− females also showed left atrial 

enlargement (Figure 4B) that in humans is frequently correlated to left ventricular 

hypertrophy, diastolic dysfunction, and atrial fibrillation [46,47]. Moreover, middle-aged 

PAK1−/− females exhibited slower peak myocardial relaxation velocity, e’ (Figure 4G), 

higher E/e’ ratios (Figure 4H) and prolonged E wave deceleration time (Figure 4I) that 

together with an EF≥50% resemble human HFpEF with compromised diastolic function and 

LV hypertrophy [48]. Even though, middle-aged WT females also exhibited left atrial 

enlargement, posterior wall thickening and increased LV mass during aging, these were to a 

lesser degree than middle-aged PAK1−/− females (Figure 4B–D). Interestingly, middle-aged 

WT females maintain a constant e’ (Figure 4G), E/e’ (Figure 4H) and E wave deceleration 

time with aging (Figure 4I); suggesting that increased PAK1 abundance in this group of 

mice prevents impaired relaxation. On the other hand, middle-aged PAK1−/− males also 

showed left atrial enlargement (Figure 4B), higher LV mass (Figure 4D), and slower e’ 

(Figure 4G); however, all the other contraction and relaxation parameters (i.e. s’, E/e’, DT) 

remained constant and did not differ between male groups. Thus, regulatory mechanisms 

that govern aging adaptation appear to be depend on PAK1 abundance and to differ between 

males and females.

Middle-aged PAK1−/− female mice exhibit increased visceral white adipose tissue mass.

Our studies show, for the first time, that PAK1 is present in adipose tissue (Figure 5A, B) 

and that deletion of PAK1 affects adipose tissue homeostasis. Middle-aged PAK1−/− male 

and female mice exhibited increased body weight when compared to the other groups 

(Figure 6A). However, middle-aged PAK1−/− female mice show the highest percentage of fat 

mass assessed by NMR (Figure 6B) with the greatest accumulation of perigonadal visceral 

fat (Figure 6C) and mesenteric fat (Figure 6D). Interestingly, there were no differences in 

food intake between groups (Figure 6G); thus, the increased adiposity observed in the 

middle-aged PAK1−/− female group, cannot be attributed to increased food intake. It was 

previously reported that PAK1 activates protein phosphatase 2A (PP2A) in the heart [51]. 

PP2A is an important and ubiquitously expressed serine threonine phosphatase [52] that may 

also be involved in the dephosphorylation of important regulatory proteins in the adipocytes. 

Moreover, it was shown that PPARγ, a key regulatory protein for adipogenesis, is 

downregulated by PAK1 in a setting of intestinal inflammation [53]. Thus, it is highly 

possible that PAK1, through PP2A, regulates the phosphorylation of PPARγ and other 
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adipose tissue regulatory proteins to act as an inhibitory kinase for adiposity. Future studies 

will explore these novel regulatory pathways that involve PAK1 in adipose tissue regulation.

Figure 7 illustrates our hypothesis related to increased levels of PAK1 in middle-aged WT 

female mice. Aging in females, may promote GPCR (G-protein-coupled receptor) activation, 

increased levels of adenylyl cyclase and PKA activation [54] with the consequent 

phosphorylation and inactivation of Cdc42. It was previously shown that PKA 

phosphorylation of Rho small GTPases, such as Cdc42 and RhoA, significantly increased 

their interaction with GDI (guanine nucleotide dissociation inhibitor) forming inactive 

complexes that translocate from the plasma membrane to the cytosol [55]. Moreover, 

phosphorylation of Cdc42 inhibits its binding to PAK1 [33]. Thus, as a compensatory 

mechanism in response to the reduction in Cdc42 activity, middle-aged WT females may 

increase the abundance of PAK1. This increase in PAK1 abundance may be an important 

protective mechanism in various organs such as the adipose tissue and the heart (Figure 7A). 

This may also be a common mechanism that explains both the higher incidence of obesity 

and HF in postmenopausal women that occurs when the compensatory increased abundance 

of PAK1 is not achieved (Figure 7B).

CONCLUSION

Our study provides a novel, first line of evidence that PAK1 is an important pathway to 

preserve cardiac function and adipose tissue homeostasis in females during aging. Deletion 

of PAK1 leads to cardiac hypertrophy, diastolic dysfunction and obesity as female mice 

grow to middle-age. These findings set the stage for investigation of the downstream 

signaling mechanisms of PAK1 in the female heart and the adipose tissue and the 

downstream signals affected with aging by PAK1 deletion. Our data also indicate that 

increased PAK1 abundance may be a general mechanism of preservation of function in 

females during aging. Given that PAK1 is localized in various organs, an overall decrease in 

PAK1 activity due to pathological conditions will deleteriously affect their function. Here 

we focused on the heart and the adipose tissue, which were the more evident organs affected 

in our middle-aged female mice with global PAK1 deletion; however, other organs may also 

be affected. To dissect the effects of PAK1 deletion in the heart and in the adipose tissue, 

separately, we will create cardiac tissue-specific and adipose tissue-specific PAK1 knock-out 

mouse models. This approach will also serve to investigate how obesity, expected to be 

observed in the adipose tissue-specific PAK1 knock-out model, affects cardiac function.
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Fig. 1. Wild type (WT) middle-aged female mice hearts exhibited increased PAK1 abundance
(A) Total PAK1 abundance and GAPDH as loading control were detected by Western blot 

on whole homogenates prepared from hearts. (B) Quantification of PAK1 over GAPDH 

showed PAK1 abundance increased with aging in the hearts of WT female mice. (C) PAK1 

phosphovariants were separated on an 8% SDS-PAGE phos-tag gel. The bottom band is un-

phosphorylated PAK1 (U). The bands above are phosphorylated PAK1 with 1 phosphate 

group (P1), 2 phosphate groups (P2), and 3 phosphate groups (P3), respectively. To verify 

that such bands were phosphorylated PAK1, a WT heart was treated with calf intestine 

phosphatase (CIP). (D) Percentage of phosphorylation of each PAK1 band was calculated as 

p-PAK1/Total PAK1 (total PAK1=unphosphorylated + phosphorylated forms). Doubly 

phosphorylated PAK1 was decreased in 12–15 months-old female mice when compared to 

the younger counterpart. Young: 3–6 months, old: 12–15 months. Data presented as mean ± 

SEM. n=3. Total PAK1 abundance was analyzed with two-way ANOVA Fisher LSD test. 

PAK1 phosphorylation was analyzed with t-test for young vs. old groups.
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Fig. 2. Phosphorylation of Cdc42 was increased in middle-aged wild type (WT) females’ hearts
(A) Phosphorylation of Cdc42 at Ser71, and actin as loading control were detected by 

Western blot on whole homogenates prepared from hearts. (B) Quantification of Cdc42 

phosphorylation at Ser71 over actin showed increased phospho levels in middle-aged WT 

female mice. (C) In a separate blot, total Cdc42 abundance, and actin as loading control 

were detected. (D) Total protein levels of Cdc42 over actin remain unchanged. Young: 3–6 

months, old: 12–15 months. Data presented as mean ± SEM. n=3. Data was analyzed using 

two-way ANOVA Fisher LSD test.
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Fig. 3. Echocardiographic measurements showed ventricular hypertrophy and slower 
myocardial relaxation velocity in middle-aged PAK1−/− female mice
(A) Representative short axis M-mode images of the left ventricle of 12–15 months female 

WT and PAK1−/− mice. (B) Sample tissue Doppler traces of female and male WT and 

PAK1−/− old mice (12–15 months).
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Fig. 4. Middle-aged PAK1−/− female mice demonstrated impaired diastolic function
(A) All mice showed ejection fraction (EF) ≥ 50%. (B) Both aged PAK1−/− males and 

females had enlarged left atrium (LA). (C) Female WT and female PAK1−/− mice showed 

thickening of posterior wall during diastole (PWd) with aging, but middle-aged PAK1−/− 

female mice showed the thickest wall. (D). Both middle-aged PAK1−/− males and females 

showed increased left ventricular (LV) mass. (E) Relative wall thickness (RWT) increased in 

old PAK1−/− females. (F) Peak myocardial contraction velocity, s’, was slower in middle-

aged PAK1−/− female hearts. (G) Middle-aged PAK1−/− females showed the slowest peak 
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myocardial relaxation velocity, e’. (H) Peak blood inflow velocity E/e’ ratio was higher in 

middle-aged PAK1−/− females. (I) E wave deceleration time (DT) was the longest in middle-

aged PAK1−/− females. Young: 3–6 months, old: 12–15 months. Males are represented using 

left bar graphs and females using right bar graphs. Data presented as mean ± SEM, n=6–8. 

Males and females were analyzed separately with two-way ANOVA Fisher LSD test.
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Fig. 5. PAK1 was present in visceral adipose tissue
(A) Total PAK1 abundance and beta-actin as loading control were detected by Western blot 

on visceral adipose tissue prepared from perigonadal fat depots. (B) Quantification of PAK1 

over beta-actin showed a trend for increased PAK1 abundance in visceral adipose tissue of 

older WT female mice. (C) PAK1 phosphorvariants were separated on 8% SDS-PAGE phos-

tag gel. Bottom band is un-phosphorylated PAK1 and band above is phosphorylated PAK1 

with 1 phosphate group. To verify that such band was phosphorylated PAK1, a sample of 

WT adipose tissue was treated with calf intestine phosphatase (CIP). (D) Quantification of 

PAK1 phosphorylation (p-PAK1 1P/Total PAK1) did not show differences between groups. 

Young: 3–6 months, old: 12–15 months. Data presented as mean ± SEM. n=3. Data was 

analyzed using two-way ANOVA Fisher LSD test.
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Fig. 6. Middle-aged PAK1−/− females exhibited increased adiposity
(A) Both PAK1−/− males and females exhibited increased body weight (g) with aging. (B) 
Body composition measured as % fat mass/body weight, using Nuclear Magnetic Resonance 

(NMR), was the highest in middle-aged PAK1−/− female mice. (C) Perigonadal fat mass 

normalized by tibia length (g/mm) was the highest in middle-aged PAK1−/− female mice. 

(D) Mesenteric fat mass normalized by tibia length (g/mm) was highest in middle-aged 

PAK1−/− female mice. (E) Middle-aged PAK1−/− females exhibited the highest 

subcutaneous fat mass normalized by tibia length (g/mm). (F) Brown adipose tissue weight/

tibia length (g/mm) did not differ between groups. (G) Food intake index expressed as food 

intake (g)/ body weight (g) per day, did not differ between groups. Young: 3–6 months, old: 

12–15 months. Males are represented using left bar graphs and females using right bar 

graphs. Data presented as mean ± SEM, n=3–11. Males and females were analyzed 

separately with two-way ANOVA Fisher LSD test. *p < 0.05 for females vs males according 

to an independent Student’s t-test.
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Fig. 7. Scheme illustrating preservation of cardiac function in response to aging in WT female 
hearts that involves increased PAK1 abundance as a compensatory mechanism to decreased 
Cdc42 activity. A similar mechanism may preserve adipose tissue homeostasis in middle-aged 
females
(A) Aging in females may promote GPCR (G-protein-coupled receptors) activation and 

PKA activation with the consequent phosphorylation and inactivation of Cdc42. 

Phosphorylation of Cdc42 promotes its interaction with GDI (guanine nucleotide 

dissociation inhibitor) forming inactive complexes that translocate from the plasma 

membrane to the cytosol. As a compensatory mechanism, middle-aged female may increase 

PAK1 abundance in cardiac and adipose tissue. We propose that this occurs to preserve 

cardiac function and adipose tissue homeostasis in females during aging. (B) Under 

pathological conditions, in which aged females are not able to respond with increased PAK1 

abundance, or as a consequence of PAK1 deletion as in our PAK1−/− aged female mice, 

cardiac dysfunction and obesity are observed. Created with BioRender.com.
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