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Abstract

Purpose—Consumption of a high-fat, high-sugar diet and sedentary lifestyle are correlated with 

bulk arterial stiffening. While measurements of bulk arterial stiffening are used to assess 

cardiovascular health clinically, they cannot account for changes to the tissue occurring on the 

cellular scale. The compliance of the subendothelial matrix in the intima mediates vascular 

permeability, an initiating step in atherosclerosis. High-fat, high-sugar diet consumption and a 

sedentary lifestyle both cause micro-scale subendothelial matrix stiffening, but the impact of these 

factors in concert remains unknown.

Methods—In this study, mice on a high-fat, high-sugar diet were treated with aerobic exercise or 

returned to a normal diet. We measured bulk arterial stiffness through pulse wave velocity and 

subendothelial matrix stiffness ex vivo through atomic force microscopy.

Results—Our data indicate that while diet reversal mitigates high-fat, high-sugar diet-induced 

macro- and micro-scale stiffening, exercise only significantly decreases micro-scale stiffness and 

not macro-scale stiffness, during the time-scale studied.

Conclusions—These data underscore the need for both healthy diet and exercise to maintain 

vascular health. These data also indicate that exercise may serve as a key lifestyle modification to 

partially reverse the deleterious impacts of high-fat, high-sugar diet consumption, even while 

macro-scale stiffness indicators do not change.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide, and atherosclerosis, 

the development of lipid-rich plaques in large arteries, is a primary contributor to CVD [1]. 

Arterial stiffening is an independent predictor of CVD onset, and is measured clinically by 

the gold standard pulse wave velocity (PWV), a measurement of the velocity of a pressure 

wave as it travels down the aorta along the arterial tree [2]. CVD risk factors, such as 

consumption of a Western diet, advanced age, and lack of exercise, promote macro-scale 

arterial stiffening [3–5]. We were the first to show that mice that consume a high-fat, high-

sugar (HFHS) diet exhibit an increase in macro-scale arterial stiffness, as measured in vivo 
by PWV, as well as stiffening of the subendothelial matrix, as measured on aortic rings at the 

micro-scale level by atomic force microscopy [6]. We also showed that reversal to a normal 

diet can return the vessel to its original stiffness [6]. In addition, after consumption of a 

Western diet, implementation of an exercise regimen has been shown to decrease [7] or to 

cause no effect [8] on macro-scale arterial stiffness, however less is known about the effects 

of exercise on the specific mechanics of the arterial intima [5].

Endothelial cells respond to the micro-scale extracellular mechanical cues of the 

subendothelial matrix on which they lay. Subendothelial matrix stiffening due to aging 

causes a loss of endothelial cell-cell junctional integrity, increased vascular permeability, and 

leukocyte transmigration [9–11]; subsequent cholesterol accumulation in the arterial wall is 

an initiating step in atherosclerotic plaque progression [12]. Therefore, understanding the 

complex effects of cardiovascular risk factors on micro-scale intimal mechanics is of clinical 

relevance. Given the rise of CVD and obesity in recent decades [13], there is a need to 

understand the impact of lifestyle factors on arterial function. We have previously 

demonstrated that age-induced subendothelial matrix stiffening can be mitigated by an 

exercise regimen [14], and that subendothelial matrix stiffness is increased by consumption 

of a HFHS diet [6]. Here, we hypothesize that an exercise regimen can mitigate diet-induced 

subendothelial matrix stiffening. Since the subendothelial matrix is a thin layer in the intima 

layer, we postulate that stiffness changes in this layer would not affect whole vessel 

mechanics. On the other hand, macro-scale stiffness measures, such as PWV, may correlate 

with changes in the subendothelial matrix stiffness in certain conditions, as in our previous 

studies [6, 14]. Therefore, to compare the changes in the subendothelial matrix with known 

clinical arterial stiffness metrics, we also measure PWV and blood pressure in normal diet- 

and HFHS-fed animals.

Methods

Animal models

All animal work has been approved by Cornell University Institutional Animal Care and Use 

Committee (IACUC). For diet and exercise groups, C57Bl/6 male mice (Jackson Labs, 

#00664) were obtained at 8 weeks old and ear-notched for identification. Mice had access to 

food and water ad libitum and maintained in a 12-hour light/dark cycle. In the diet-period, 

mice were fed a HFHS diet with 35.5% fat and 18.2% sucrose, or a ND with 4.5% fat and 

0% sucrose (D09071702 and D09071703 from Research Diets, respectively) for 9 weeks. 
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The fats used in both diets are composed of 33.95% saturated fatty acids, 37.20% 

monounsaturated fatty acids, and 28.85% polyunsaturated fatty acids. We have previously 

used these animal and diet conditions, and did not observe plaque development in the 

arteries [6]. In the exercise-period, mice maintained their initial diet (ND or HFHS Sed), 

changed diets (HFHS/ND), or underwent an exercise regimen (HFHS Ex) for 8 weeks. 

Exercise and sedentary mice were house together while different diet group mice were 

housed in separate cages. Animals were weighed approximately three times each week; their 

weights were averaged and normalized to their pre-diet baseline weight. Eighteen months 

old C57Bl/6 mice used for the atomic force microscopy loading rate data collection were 

acquired from the National Institute on Aging, were kept on standard chow (Harlan Teklad 

7912) and did not go through any exercise regimen before tissue analysis.

Exercise regimen

A swimming exercise regimen was employed as previously described [14]. Briefly, mice 

swam in groups of 2 – 5 over an 8-week period. Mice were first acclimated to the 

environment with three 3-minute swim sessions. The swimming regimen consisted of 

swimming 5 days per week for 10 minutes per day in week 1, 30 minutes per day in weeks 

2–3, and 45 minutes per day in weeks 4–8. Sedentary control mice were kept in their cages 

while their exercised cage-mates were swimming in the same room. Mice did not swim on 

days of PWV/blood pressure measurements.

Blood pressure measurements

A non-invasive blood pressure tail cuff system (Kent Scientific) was used to measure blood 

pressure on non-sedated mice based on manufacturer’s guidelines. Briefly, mice were first 

acclimated to the constraint tubes in days prior to blood pressure measurements. During the 

procedure, 10 tail cuff inflation-deflation cycles with 20-second cuff deflation time for each 

animal were performed. The software (Kent Scientific CODA) was used to screen recorded 

pressure tracings. Cycles with a blood tail volume below 10 μL were rejected.

Pulse wave velocity (PWV) measurements

Macro-scale arterial stiffness was measured in vivo with Vevo 2100 Doppler ultrasound, as 

we previously described [6]. Briefly, mice were kept lightly anaesthetized with 0.5 – 2 % 

isoflurane and supine on a heating platform. Hair in the abdominal region was removed with 

a shaving cream (Nair). The renal vein was used as an anatomical reference to select a 

longitudinal segment of abdominal aorta <10 mm long. Flow waves at one proximal and one 

distal location along the aorta, and simultaneous ECG, were acquired with a MS550D 

transducer for at least 5 cardiac cycles for each mouse. VevoLab v1.7.1 software was used to 

measure the distance between the two points and the arrival times between the peak of the R 

wave and the foot of each flow wave. PWV was calculated as the distance divided by the 

difference of the two arrival times (transit time). To note, heart rates were kept at comparable 

levels (400–500 bpm) in all mice during flow wave acquisitions.
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Subendothelial matrix mechanics

The subendothelial matrix elastic modulus was measured using atomic force microscopy 

(AFM) (Asylum MFP-3D) on the subendothelial matrix of freshly isolated thoracic aortas, 

as we previously described [14]. Briefly, after perfusion with ice-cold phosphate buffered 

saline (PBS), the thoracic aorta was removed and cleaned from fat. The aorta was cut 

longitudinally, glued onto a Petri dish (Loctite Super Glue), and covered in PBS at room 

temperature. The endothelial cells were gently scraped off the luminal side to expose the 

underlying subendothelial matrix, as previously described [15]. A cantilever (Novascan) 

with a 10 μm diameter polystyrene bead was used for indentations. The cantilevers were 

supplied with an approximate spring constant of 0.12 N/m, and were calibrated before the 

experiments at 0.11 ± 0.05 N/m. Indentations of the tissue were made at a velocity of 1 

μm/sec and a loading rate of approximately 40 nN/sec. Data were fit to the Hertz Model 

using Asylum software and assuming a Poisson’s ratio of 0.5 to determine the elastic 

modulus, as previously described [9, 14, 15].

Loading rate dependency of the subendothelial matrix elastic modulus

For the loading rate data collection, experiments were conducted separately from those on 

the diet mice cohorts. Thoracic aortas from aged mice (n=3) were used to collect the loading 

rate dependency data. A range of AFM loading rates from ~5 to 76 nN/s was used to 

determine the force rate dependence on the elastic modulus of the tissue.

Statistical Analysis

Data were analyzed and graphed on GraphPad Prism 7 software and tested for normality 

using a Shapiro-Wilk test. For two group comparisons of normally distributed data, a 

Student’s t-test was used. For multiple group comparisons, one-way ANOVA with Dunnett’s 

multiple comparisons test comparing to the normal diet (ND) group was used. P-values < 

0.05 were considered significant. Linear correlations were found to be significant with a 

Pearson Correlation p-value < 0.05 for all data groups combined in the figure. The linear fit 

R2 value was measured for the analysis of multiple studies for loading-rate dependence.

Results

Mouse body weight increases with high-fat, high-sugar diet consumption and is mitigated 
by diet reversal

The rates of CVD and obesity are increasing in society [13], and risk factors such as poor 

diet and sedentary lifestyle can cause increased body weight and macro-scale arterial 

stiffening [7, 8]. Here, mice were fed a normal (ND) or a high-fat, high-sugar (HFHS) diet 

during a nine-week period, then separated into four cohorts for the following 8-week 

exercise period. Specifically, mice either remained sedentary while on their original diet 

(ND or HFHS Sed), returned to a ND (HFHS/ND), or exercised while on a HFHS diet 

(HFHS Ex) (Figure 1a). Body weights increased in mice fed the HFHS diet for the entire 

study (Figure 1b). Body weight, normalized to each animal’s initial starting weight, 

increased significantly after two weeks on the HFHS diet, and returned to baseline within 

two weeks of change from HFHS to ND consumption (Figure 1c). The body weight of mice 
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that remained sedentary on a HFHS diet throughout the study remained elevated, even 

following the exercise regimen (final normalized body weight mean ± SEM: ND 1.24 

± 0.05, n = 4; HFHS/ND 1.23 ± 0.06, n = 6; HFHS Sed 1.92 ± 0.14, n = 7; HFHS Ex 2.00 

± 0.06, n = 7).

High-fat, high-sugar diet-induced arterial stiffening is mitigated by diet reversal, but not by 
exercise

To investigate the effects of diet reversal and exercise on arterial stiffening following a high-

fat, high-sugar diet, non-invasive PWV measurements were collected after 9 weeks on diet 

and at the conclusion of the study. Following the first two months of diet, PWV increased in 

mice on a HFHS diet compared to their ND counterparts (mean ± SEM: ND 2.14 ± 0.22 

m/s, n = 8 and HFHS 3.96 ± 0.24 m/s, n = 27) (Figure 2a). At the conclusion of the study, 

the HFHS diet-induced increase in PWV was mitigated by diet reversal, while PWV 

remained elevated for the HFHS-fed mice regardless of exercise (mean ± SEM: ND 2.75 

± 0.47 m/s, n = 4; HFHS/ND 2.98 ± 0.89 m/s, n = 5; HFHS Sed 6.00 ± 0.86 m/s, n = 6; 

HFHS Ex 4.61 ± 0.75 m/s, n = 7) (Figure 2b). These data indicate that this 8-week aerobic 

exercise regimen was not sufficient to fully reverse the deleterious impact of HFHS diet 

consumption on macro-scale stiffening. PWV in the HFHS diet mice after the exercise 

regimen remained elevated by 67.4 ± 27 % (mean ± SEM, n = 7) compared to the ND 

cohort, whereas the HFHS sedentary mice experienced a 95.9 ± 34 % (n = 7) increase 

compared to ND values (Figure 2c). Interestingly, PWV in the diet reversal group returned to 

baseline by the conclusion of the study (within 8.34 ± 32 % of ND values, n = 5), in 

accordance with our previous findings that reversing to a healthy diet may be a beneficial 

treatment for diet-induced macro-scale stiffening [6].

Subendothelial matrix stiffness is loading rate-dependent

Since increased substrate stiffness has been demonstrated to alter endothelial barrier 

function [9,10], we sought to analyze the mechanical properties of subendothelial matrix of 

the mouse aorta using atomic force microscopy (AFM). Using aortas of 18-month old mice, 

we found that the elastic modulus of the subendothelial matrix is loading rate-dependent, 

and a positive linear correlation exists between the measured elastic modulus and the loading 

rate (Figure 3a). Representative force versus indentation curves demonstrate an increased 

slope at higher loading rates (Figure 3b). To confirm this holds true across other artery 

samples, measurements from several published studies were plotted, and a linear correlation 

between measured subendothelial matrix elastic modulus and loading rate yielded an R2 

value of 0.9917 (Figure 3c) [9, 14, 15]. These data indicate that the loading rate during AFM 

indentation should be taken into account when assessing the mechanics of the subendothelial 

matrix.

High-fat, high-sugar diet-induced subendothelial matrix stiffening is mitigated by diet 
reversal and exercise

To investigate whether diet reversal and exercise can reverse the HFHS-induced micro-scale 

stiffening, we probed the subendothelial matrix of diet and exercise cohorts described above 

(Figure 1a). We used a loading rate of ~40 nN/sec, which provides an average maximum 

force of 4 nN on the tissue, based on methods from a previous study [14]. HFHS diet-
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induced subendothelial matrix stiffening was mitigated by diet reversal or, to a similar 

extent, by the aerobic exercise regimen (mean ± SEM: ND 30.7 ± 1.5 kPa, n = 3; HFHS/ND 

34.3 ± 3.0 kPa, n = 4; HFHS Sed 41.9 ± 1.3 kPa, n = 6; HFHS Ex 35.0 ± 2.1 kPa, n = 7) 

(Figure 4a). Importantly, while macro-scale stiffness returned to baseline only after diet 

reversal, the subendothelial matrix stiffness returned to baseline after diet reversal or the 

exercise regimen. In fact, the subendothelial matrix stiffness remained elevated only 14.2 

± 6.7 % (mean ± SEM, n = 7) in HFHS mice after the exercise regimen, and 11.7 ± 9.9 % (n 

= 4) in the diet reversal group, compared to the ND cohort; whereas, the HFHS sedentary 

group experienced a 36.8 ± 4.4 % (n = 6) increase (Figure 4b). Taken together, these data 

indicate that exercise while remaining on a HFHS diet has a significant effect on 

subendothelial matrix de-stiffening, but does not affect whole arterial wall de-stiffening to a 

similar extent.

Diastolic blood pressure and mean arterial pressure are elevated after two months of 
HFHS diet consumption

Previous studies have emphasized the importance of monitoring blood pressure when 

measuring bulk stiffness metrics, such as PWV [16–20]. Therefore, we monitored the effects 

of diet and exercise on blood pressure in resting, conscious mice with a non-invasive tail cuff 

system. After two months of HFHS diet consumption, diastolic blood pressure (DBP) (mean 

± SEM: ND 102 ± 6.8 mmHg, n= 8; HFHS 117 ± 2.2 mmHg, n = 27) and mean arterial 

pressure (MAP) (ND 112 ± 6.3 mmHg, n= 8; HFHS 125 ± 2.1 mmHg, n = 27) increased 

compared to the ND cohort, although there was no detectable change in systolic blood 

pressure (SBP) (ND 133 ± 5.3 mmHg, n= 8; HFHS 142 ± 2.4 mmHg, n = 27) (Figure 5a). 

Interestingly, at this time point PWV was elevated in HFHS-fed mice at a given MAP value 

compared to the ND cohort, as demonstrated by the upward shift in the stiffness versus 

blood pressure linear trends (Figure 5b). These data indicate that two months of HFHS diet 

consumption was sufficient to induce increases in MAP in mice, but PWV remain largely 

independent of MAP.

Exercise did not mitigate HFHS diet-induced elevated blood pressure at the conclusion of 
the study

Interestingly, SPB, DBP and MAP were higher in mice that remained on the HFHS diet for 

the duration of the study, regardless of exercise (Figure 6a). Taken together, our results 

demonstrate that while return to ND consumption was effective at reducing blood pressure 

and body weight within the time course of the study, the exercise regimen did not reduce 

either of these metrics significantly. We further compared the effects of blood pressure 

(specifically MAP) with the macro- and micro-scale stiffness measurements of the diet and 

exercise groups. At the conclusion of the study, both PWV and subendothelial matrix elastic 

modulus were linearly correlated with MAP (Figures 6b and 6c). It is also important to note 

that SBP was not significantly elevated after the first two months on the HFHS diet, but was 

elevated by the conclusion of the study (mean ± SEM: ND 117 ± 6.4 mmHg, n= 4; HFHS 

Sed 150 ± 4.1 mmHg, n = 7). PWV increased after 9 weeks on the HFHS diet, while SBP 

did not significantly increase until the 17-week time point, in accordance with our previous 

findings where systolic hypertension followed elevated PWV [6]. While the link between 

arterial stiffness and the development of hypertension is complex [17], our data suggest that 
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initial increases in arterial stiffness may play a role in the subsequent progression of systolic 

hypertension in HFHS-fed mice.

Discussion

Our study indicates that exercise can mitigate HFHS diet-induced subendothelial matrix 

stiffening, but it does not significantly affect arterial stiffness as measured on the macro-

scale by PWV. These data suggest that mechanical changes induced by exercise in the intima 

layer are not occurring to the same extent as in the entirety of the vessel wall. Previously, we 

found that PWV increases and decreases following HFHS and return to a ND after HFHS, 

respectively, which paralleled subendothelial matrix stiffening in mice [6]. This same trend 

exists in aged mice that have exercised, where exercise-mediated de-stiffening occurs on 

both the macro- and micro-scale and PWV and subendothelial matrix stiffness are linearly 

correlated [14]. While PWV remains a clinical standard of arterial stiffness measurement 

[2], our study underscores that changes in subendothelial matrix stiffness may not be 

reflected in measurement of arterial stiffness by PWV. Both micro- and macro-scale 

measurements are important to fully characterize the biomechanical properties of blood 

vessels. We further emphasize the importance in performing an exercise regimen following 

HFHS diet consumption, as exercise can lead to de-stiffening in the subendothelial matrix 

layer, even when current clinical metrics (such as PWV) may not reflect these changes.

While we did not measure the direct effects of diet and exercise on endothelial cells in this 

work, previous studies have demonstrated benefits of exercise following a Western diet [7, 

8]. Interestingly, these changes in endothelial cell phenotype have also been observed in the 

absence of significant changes in macro-scale arterial stiffness [7, 8]. In these studies, 

following exercise, Western diet-fed young mice show improvement in endothelial cell 

contractility and stiffness [8], and improvement in endothelium-dependent dilation [7]. One 

possible explanation for the changes to endothelial cell phenotype indicated by these studies 

[7, 8] is through altered subendothelial matrix stiffness. In our study, the subendothelial 

matrix stiffens on average ~ 11 kPa due to the HFHS diet, and is mitigated by 7.7 kPa with 

return to the ND and by 6.9 kPa with the exercise regimen. Such magnitude range changes 

in substrate stiffness are known to alter endothelial cell-cell junction width, cellular 

contraction, monolayer gaps and neutrophil transmigration in previous studies [9–11, 21]. 

Therefore, our data suggest that exercise, even in the absence of changes in macro-scale 

stiffness, may improve vascular health through altered endothelial cell monolayer function. 

Our data further emphasize the importance of understanding the specific contribution of 

subendothelial matrix mechanics to vascular health.

Our micro-scale mechanical data also indicate that the elastic modulus of the subendothelial 

matrix in the mouse thoracic aorta is loading rate-dependent. While the whole artery is 

known to demonstrate viscoelastic properties [22], the nature of the viscous and elastic 

contributions of the subendothelial matrix layer itself remain unknown. The intima layer is a 

complex tissue that contains type I collagen and type IV basement membrane collagen [23] 

and is bordered by the internal elastic lamina [24]. In this study, while we did not assess the 

distinct viscous and elastic components of the subendothelial matrix material directly, our 
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findings suggest that the observed loading-rate dependence may be caused by the complex 

composition of the subendothelial matrix.

Based on our results, HFHS diet-induced stiffening is best mitigated through diet reversal, as 

this intervention had a profound effect on both micro- and macro-scale stiffness in 

accordance with our previous findings [6]. The effects of exercise on arterial stiffness after 

HFHS consumption is complex. Clinical studies have shown that PWV decreases following 

a hypocaloric diet, but does not change after low-intensity resistance exercise training alone 

[25], and that PWV may not show a significant change after exercise and diet lifestyle 

modifications [26]. These studies, along with our data, suggest that a change in diet is more 

effective for decreasing PWV than exercise and has the added impact of reducing 

subendothelial matrix stiffening.

The relationship between blood pressure (BP) and arterial stiffness is complex, and groups 

have emphasized the importance of its measurement in exercise studies with bulk arterial 

analysis [16, 20]. Due to the nature of PWV as a bulk mechanical measurement in live 

animals, it may be affected by structural arterial remodeling and/or vasoactive factors [19]. 

In fact, PWV, BP, and heart function are all intertwined [27, 28]. Our current finding, that 

HFHS-induced PWV increases independently of MAP after two months on the HFHS diet, 

are in accordance with our previous work showing that arterial stiffening is significantly 

increased after two months of HFHS diet while the first significant increases in systolic 

hypertension were evident after six months [6]. Although different methods were used to 

assess blood pressure (tail cuff in the current versus radiotelemetry in the previous study 

[6]), and the intertwined relationship between PWV and blood pressure [17], at the 

conclusion of the study, we found a linear trend between PWV and MAP, indicating the 

importance of assessing BP together with arterial stiffness to provide a thorough analysis of 

vascular function.

In this study, we find that exercise mitigates micro-scale subendothelial matrix stiffness, but 

does not impact the mechanics of the whole vessel wall to the same extent. While a majority 

of research efforts focus on elucidating cellular and molecular mechanisms for macro-scale 

vessel stiffening, the underlying causes of altered subendothelial matrix stiffness remain 

unanswered. To further investigate the possible causes of subendothelial matrix stiffening 

with HFHS diet, extracellular matrix components such as collagen and elastin should be 

analyzed, particularly with respect to their content in the subendothelial matrix layer, as 

alterations in these components are associated with arterial stiffening [8, 29]. Recently, 

profibrotic cytokines which are implicated in collagen synthesis, transforming growth factor-

β (TGF-β) and connective tissue growth factor (CTGF), were demonstrated to be 

downregulated by exercise treatment in HFHS diet-fed mice, specifically in the endothelial 

layer [8]. Another possible cause for subendothelial matrix stiffening is through the action of 

advanced glycation end products (AGEs), which have previously been shown to affect the 

extracellular matrix structure and decrease following exercise in aged [30] or obese and 

diabetic [31] rats. As AGEs work through a myriad of mechanisms, such as through 

crosslinking collagen and elastin fibers [32], we propose that future studies should examine 

the roles that AGEs may have in altering subendothelial matrix stiffness. We have also 

previously demonstrated that inflammatory cytokines tumor necrosis factor (TNF)-α, 
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monocyte chemoattractant protein (MCP)-1, and macrophage inflammatory protein 

(MIP)-1α mRNA are upregulated after consumption of a HFHS diet and are significantly 

reduced following a return to ND consumption [6]. Therefore, future studies are warranted 

to determine the effect of an exercise treatment on these inflammatory mediators in relation 

to subendothelial matrix stiffness.

Following HFHS diet consumption, the exercise period used in this study was successful at 

micro-scale arterial de-stiffening, but did not significantly cause decreased macro-scale 

arterial stiffness. PWV may further decrease with a longer swim period, or a different type 

of exercise, although the literature demonstrates different outcomes from different exercise 

regimens [7, 8]. In apolipoprotein-E deficient mice on a high-fat diet, swimming for 8 or 16 

weeks has proven to be effective in reducing fatty streaks or fibrofatty plaques, respectively 

[33]. However, in our study, swimming for 8 weeks was sufficient to reduce subendothelial 

matrix stiffness, but not PWV in mice remaining on a HFHS diet. Together, these data 

suggest that even in the absence of changes to the macro-scale stiffness of the vessel, 

exercise may help reduce atherosclerosis through changes to intimal stiffness.

Conclusions

We demonstrate that following a high-fat, high-sugar diet, both exercise and return to a 

healthy diet decrease subendothelial matrix stiffness, while only diet reversal decreases 

whole vessel stiffening. The mechanical properties of the intima are influenced by factors 

that may not be detected by pulse wave velocity; continued research with focus on the role 

of subendothelial matrix stiffness is needed since intimal mechanics directly influence 

endothelial function and atherogenesis.
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Fig. 1. 
Mouse body weight increases after high-fat, high-sugar (HFHS) diet consumption. (a) 
During the diet period, mice consumed a normal diet (ND) or HFHS diet for two months. 

During the exercise period, the mice maintained their initial diet and remained sedentary 

(ND and HFHS Sed), underwent an 8-week exercise regimen (HFHS Ex) or switched diets 

while remaining sedentary (HFHS/ND). (b) Increased body weight due to consumption of a 

HFHS diet can be easily visualized. (c) Mouse body weight normalized to each mouse’s 

starting weight was significantly increased with HFHS diet and decreased after return to ND, 

* p < 0.05 (Student’s t-test), # p < 0.05 (ANOVA, all groups are significantly different from 

ND), ## p < 0.05 (ANOVA, HFHS Sed and HFHS Ex groups are significantly different from 

ND), n = 4 to 7 mice per diet/exercise group
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Fig. 2. 
Pulse wave velocity (PWV) is affected by diet consumption, but not by the exercise regimen. 

(a) By the end of the diet period, PWV increased in mice on a HFHS diet compared to those 

on a ND, *** p < 0.0005 (Student’s t-test), n = 8 mice for ND and 27 mice for HFHS group. 

(b) After 8 weeks in the exercise period, PWV decreased in mice that switched from a 

HFHS diet to ND, while PWV remained elevated for HFHS diet mice, with or without the 

applied exercise regimen, # p < 0.05 (ANOVA, HFHS Sed and HFHS Ex groups are 

significantly different from ND), NS = not significantly different. (c) Mice remaining on a 

HFHS diet with or without the exercise regimen maintained an elevated PWV at the end of 

the study, as indicated by the high percentage increase of these groups compared to the ND 

cohort. All error bars in the figure are SEM and n = 4 to 7 mice per diet/exercise group
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Fig. 3. 
The elastic modulus of the murine aorta subendothelial matrix is loading rate dependent. (a) 
The measured elastic modulus of the subendothelial matrix increases with higher loading 

rates, as shown in three different mice; points collected from 10 locations on each aorta; 

significant linear trend shown with 95% confidence interval bands, p < 0.0001 (Pearson 

Correlation). (b) At a representative location on a mouse aorta, atomic force microscopy 

force versus indentation curves demonstrate a steeper slope with higher loading rates. (c) 
Independent studies of subendothelial matrix stiffness of the aortic intima demonstrate its 

loading rate dependence. Aged murine aorta data were used for Kohn et al., 2016 and Huynh 

et al., 2011. Mature bovine aorta data were used for Peloquin et al., 2011. The linear trend 

with 95% confidence interval bands are presented, and the linear fit R2 value equals 0.9917.
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Fig. 4. 
Increased subendothelial matrix elastic modulus due to HFHS diet consumption is rescued 

by the exercise regimen or a return to ND. (a) Micro-scale subendothelial matrix elastic 

modulus measured with atomic force microscopy increased after HFHS diet consumption, 

and was recovered with diet reversal or an exercise regimen, # p < 0.05 (ANOVA, HFHS 

Sed group is significantly different from ND), NS = not significantly different. (b) Mice 

remaining on a HFHS diet without the exercise regimen maintained an elevated 

subendothelial matrix stiffness at the end of the study, as indicated by the high percentage 

increase of this group compared to the ND cohort. All error bars in the figure are SEM and n 

= 4 to 7 mice per diet/exercise group
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Fig. 5. 
After two months of consuming the HFHS diet, elevated blood pressure is detected. (a) 
Diastolic blood pressure and mean arterial pressure (MAP) increased after two months on a 

HFHS diet compared to the ND cohort, but systolic blood pressure did not significantly 

increase; box and whisker plots shown with min/max error bars, * p < 0.05 (Student’s t-test); 

NS = not significantly different. (b) Following the diet period, a plot of PWV versus MAP 

values for each mouse indicates an upward shift in the PWV of HFHS diet mice at a given 

MAP compared to the ND cohort; each data point represents the average value of one 

mouse, and the black arrow indicates an upward shift between the linear regressions. n = 8 

mice for ND and 27 mice for HFHS group
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Fig. 6. 
At the conclusion of the study, elevated blood pressure is detected in both HFHS diet groups, 

regardless of the application of the exercise regimen. (a) Systolic and diastolic blood 

pressure (BP), as well as mean arterial pressure (MAP), increased in the HFHS Sed and 

HFHS Ex groups by the conclusion of the study, ### p < 0.005 (ANOVA, HFHS Sed and 

HFHS Ex groups are significantly different from ND); NS = not significantly different, error 

bars are SEM. (b) At the conclusion of the study, MAP is linearly correlated with PWV 

(Pearson Correlation: p = 0.0112, r = 0.5298) and (c) subendothelial matrix elastic modulus 

(Pearson Correlation: p = 0.0332, r = 0.4775). Error bars are SEM and colored boxes 

represent the full range of values, statistically significant correlations were determined by 

Pearson Correlation, p < 0.05, and linear regressions are displayed with 95% confidence 

interval bands. n = 4 to 7 mice per diet/exercise group
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