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The aorta and its major branches stiffen with age1 and obe-

sity,2 independently of atherosclerosis.3 In recent epide-

miological and clinical studies, arterial stiffness emerged as 

an independent predictor of cardiovascular events, even after 

adjusting for risk factors such as age, sex, body mass index, 

and blood pressure.4

Hypertension is associated with arterial stiffness,5,6 and 

conventional thinking suggests that hypertension stimulates 

aortic remodeling and stiffening, in addition to vascular 

smooth muscle cell hypertrophy,7 as an adaptive process to 

increase wall-to-lumen width ratio in response to long-term 

changes in hemodynamic forces.8–10 However, a large longi-

tudinal study of the general population recently established 

that arterial stiffness precedes an increase in systolic blood 

pressure and newly diagnosed hypertension.11 In contrast, 

initial blood pressure was not independently predictive of 

subsequent aortic stiffening measured in the same individu-

als 4 to 10 years later. Although stiffness-induced hemo-

dynamic changes have been implicated in the development 

of hypertension,12,13 lack of animal models for studying the 

relationship between arterial stiffness and hypertension 

has hampered the discovery of mechanisms and has led 

to a recent effort by the National Heart, Lung, and Blood 

Institute of the National Institutes of Health to establish 

such models.14

Because of the rising prevalence of obesity-associated 

type 2 diabetes mellitus and the cardiovascular complications 

thereof,15–17 we sought to determine whether arterial stiffness 

occurs in a mouse model of diet-induced obesity. Arterial 

stiffness is increased in obese and diabetic individuals, even 

at a young age (10–24 years),18 and in a genetic model of 

obesity (ob/ob mice).19 Conversely, weight loss in overweight 

and obese individuals is associated with a reduction in arte-

rial stiffness.20 Understanding the mechanisms underlying the 

development and regression of arterial stiffness might lead to 

additional options for prevention and treatment of hyperten-

sion and associated complications.

The goals of this study were to determine the temporal 

relationship between the development of arterial stiffness and 

hypertension and the potential reversal of stiffness and hyper-

tension by return to normal diet (ND), as well as the mecha-

nisms thereof.
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Methods
A detailed description of Methods can be found in online-only Data 
Supplements.

Results

High-Fat/High-Sucrose Diet Recapitulates Human 
Metabolic Syndrome in Mice

High-fat/high-sucrose (HFHS) feeding significantly increased 

body weight (Figure S1A in the online-only Data Supplement) 

and fat mass compared with ND by 2 months, whereas lean 

mass remained unchanged over time (Figure S1B). Also within 

2 months, mice became glucose intolerant (Figure S1C) and 

insulin resistant (Figure S1D). In addition to obesity and glucose 

intolerance, HFHS-fed mice developed chronic inflammation, 

as evidenced by substantial infiltration of activated macro-

phages in the visceral fat surrounding the kidneys (Figure S2A). 

Microalbuminuria, an indicator of kidney damage, was signifi-

cantly increased after 4 months of HFHS diet (Figure S2B).

Arterial Stiffness Is Increased by HFHS Diet and 
Precedes Systolic Hypertension

Pulse wave velocity (PWV), an index of arterial stiffness 

measured by ultrasonography, was significantly increased 

by 2.4-fold after 1 month of HFHS compared with ND, and 

it remained elevated ≤8 months (Figure 1A). PWV was simi-

larly elevated when assessed from the aortic arch to abdominal 

aorta as it was in the abdominal aortic segment (6.3±1.3  versus 

3.4±0.6 mm/ms in ND and 5.7±0.9 versus 2.8±1.0 mm/ms  

in ND, respectively; P<0.05). The increase in PWV was con-

firmed by invasive hemodynamic measurements both at base-

line and after phenylephrine (Figure 1B and Table S1).

To address the temporal relationship between arterial 

stiffness and hypertension, young mice (8 weeks old) were 

implanted with radiotelemetry pressure transducers and fol-

lowed after starting HFHS for ≤1 year. The first statistically 

significant increase in systolic blood pressure (Figure1C) 

and mean arterial pressure (Figure S3A) was observed after 

6 months, whereas diastolic blood pressure was not sig-

nificantly different (Figure S3B). Pulse pressure, an indirect 

index of arterial stiffness, gradually increased and reached 

statistical significance at 6 months (from baseline 26.4±2.0 

to 37.8±2.2 mm Hg, n=4–6; Figure S3C). Systolic blood pres-

sure (Figure 1D), mean arterial pressure (Figure S3D), and 

pulse pressure (Figure S3F) were also significantly and con-

sistently elevated in HFHS-fed mice (n=11) compared with 

ND-fed mice (n=9) when blood pressure transducers were 

implanted between 5 and 6 months of diet and values were 

recorded for 1 month thereafter.

Spectral analysis of high-frequency telemetry recordings, 

performed to assess whether obesity-associated activation of the 

sympathetic nervous system21 could contribute to the hyperten-

sion observed after 6 months of HFHS diet, showed increased 

sympathetic modulation of blood pressure and heart rate in mice 

fed HFHS diet for 8 months compared with ND (Table S2). This 

was accompanied by significantly increased plasma norepineph-

rine in mice fed HFHS for 8 months compared with ND but not 

for 2 months (Table S3). Consistent with HFHS-associated sym-

pathetic activation, heart rate was slightly but significantly ele-

vated in HFHS-fed mice (Figure S3G) compared with ND-fed 

mice (Figure S3H), and this was reduced to normal values when 

obese mice were reversed to ND (Figure S3I).

Early Vascular Changes in HFHS-Fed Mice

Within 2 months of diet when the increase in PWV because 

of HFHS diet was fully developed, the aortas from HFHS 

mice had impaired relaxation to acetylcholine (Figure 2A), 

indicating reduced endothelial nitric oxide (NO) function. In 

addition, the activity of tissue transglutaminase-2 (TG-2), an 

NO-sensitive enzyme that contributes to arterial stiffening in 

aged mice and rats by increasing extracellular matrix cross-

linking,22 was significantly increased in aortic lysates from 

HFHS-fed mice, consistent with reduced NO bioavailability 

Figure 1. Arterial stiffness precedes 
hypertension in diet-induced obese mice. 
Pulse wave velocity (PWV, mm/ms), an 
index of arterial stiffness, measured by 
Doppler echocardiography, mean±SD, 
n=4 to 10 each group (A) and invasively 
with high-fidelity pressure catheters, 
mean±SEM, n=8 each group (B) is 
increased in high-fat/high-sucrose (HFHS)–
fed mice within 2 months. Mean arterial 
pressure was modulated by intravenous 
infusion of phenylephrine (0.1 μg/g body 
weight). *P<0.05 vs normal diet (ND) or 
ND baseline; #P<0.05 vs HFHS baseline; 
$P<0.05 vs ND-phenylephrine. Mice 
develop systolic hypertension after 6 
months of HFHS (C) compared with ND (D). 
*P<0.05 vs baseline (time 0) or ND. SBP 
indicates systolic blood pressure.
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(Figure 2B). Inflammation associated with obesity was evi-

denced at 2 months by ≈3-fold increases in aortic mRNA 

expression of tumor necrosis factor (TNF)-α, monocyte che-

moattractant protein-1 (MCP-1), and macrophage inflam-

matory protein-1α (MIP1α) (Figure 2C). There was no 

significant increase in collagen content in aortas from obese 

mice compared with ND-fed mice (Figure S4).

Arterial Stiffness and Hypertension Are Reversed 
by Return to ND

To determine whether arterial stiffness in obese mice is revers-

ible, mice fed HFHS diet for 5 months were reverted to ND 

(henceforth referred to as HFHS/ND versus ND/ND con-

trol mice that were on ND for the entire duration). In just 2 

weeks, obese mice lost 12.5% of body weight and returned 

to the body weight of ND-fed mice within 2 months of diet 

reversal (Figure 3A, left). A 50% loss in fat mass occurred 

with no significant change in lean mass and was accompanied 

by normalization of hyperinsulinemia (Figure 3B), indicating 

amelioration of metabolic state.

Similarly, PWV was reduced to control values within 2 

months of diet reversal (Figure 3A, right). At this time point, 

systolic blood pressure and mean arterial pressure were sig-

nificantly reduced to values not significantly different from 

those in control mice (Figure 3C).

In Vitro Aortic Stiffness, Aortic Inflammation, and 
Oxidant Stress Are Reduced After Return to ND

The force required for a fixed indentation of the basement 

membrane of endothelium-denuded aorta showed that HFHS 

significantly increased stiffness by 2-fold (52±4.8 kPa, n=7 

versus 24±2.8 kPa in ND, n=10). This returned to normal 

levels after diet reversal in HFHS/ND (30.5±3.7 kPa, n=8; 

Figure 4A).

HFHS diet stimulated aortic hypertrophy compared with 

ND (medial area: 0.135±0.014 in HFHS versus 0.100±0.005 

mm2 in ND; P<0.05). Although this might have contributed to 

aortic stiffness, medial area remained unchanged after reversal 

to ND (0.14±0.02 mm2, n=8; Figure 4B).

HFHS-induced upregulation of inflammatory genes in 

aortas was normalized after reversal to ND (Figure 4C). In 

addition, immunostaining of aortic sections with a specific 

anti–N-ε-(γ-glutamyl)-lysine antibody, indicative of TG-2 

activity, revealed reduced extracellular matrix cross-links 

after diet reversal (Figure 5A) despite no change in TG-2 

expression between different diet groups (Figure S5). Aortic 

immunostaining with a specific antisulfonylated sarco/endo-

plasmic reticulum Ca2+-ATPase (SERCA) showed that HFHS 

increased SERCA oxidation, used as an index of oxidant 

stress,23–25 compared with ND, and this was decreased by 

reversal to ND (Figure 5B).

Discussion
Here, we report for the first time that in an animal model of 

diet-induced obesity arterial stiffness develops rapidly and 

precedes the onset of hypertension. In mice fed a diet rich in 

fat and sucrose, PWV, measured both by Doppler ultrasonog-

raphy and invasively, was elevated coincident with increased 

fat mass, glucose intolerance, and hyperinsulinemia but pre-

ceded the gradual onset of kidney damage, manifested by 

albuminuria, cardiac diastolic dysfunction,26 and hyperten-

sion. In accordance with increased PWV, we found evidence 

of increased material stiffness of the aortic intimal extracel-

lular matrix, measured in vitro by atomic force microscopy, 

in response to HFHS feeding that was normalized by reversal 

to ND. Extracellular membrane stiffening of the intima can 

increase endothelial permeability, potentially contributing 

to the development of atherosclerosis.27 Material stiffness 

of the aortic extracellular matrix28 or vascular cells29 have 

recently emerged as novel biomechanical paradigms of aging- 

associated arterial stiffness.

Tachycardia-associated sympathetic hyperactivity is found 

in obese hypertensive individuals and is explained, in part, 

Figure 2. Impaired nitric oxide (NO) bioavailability and aortic 
inflammation in diet-induced obese mice. A, Vasorelaxation to 
acetylcholine (1×10−9 to 1×10−5 mol/L) in aortas from mice fed 
normal diet (ND) or high-fat/high-sucrose (HFHS) diet (n=5 each 
group; *P<0.05). B, Transglutaminase-2 (TG-2) activity, an index 
of NO bioavailability, measured on aortic lysates from ND-  
and HFHS-fed mice. Dot blot intensity quantification expressed 
graphically as % ND (n=4 each group. *P<0.05). C, Inflammatory 
cytokines tumor necrosis factor (TNF)-α, monocyte 
chemoattractant protein (MCP)-1, and macrophage inflammatory 
protein (MIP)-1α mRNA were significantly upregulated in aortic 
extracts from HFHS-fed mice (n=8) compared with ND-fed mice 
(n=8). Data are expressed as fold change over ND (*P<0.05).
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by impaired baroreflex.21 Similar to obese individuals, we 

found sympathetic activation and tachycardia in HFHS-fed 

mice that could, in part, contribute to hypertension in these 

mice. Notably, aortic stiffening could impair the activation of 

carotid and aortic baroreceptors because artery distensibility 

is the main stimulus for a baroreflex. Although the causal link 

between arterial stiffness and the development of hyperten-

sion is lacking partially because of the inherent functional 

relationship between arterial wall stiffness and distending 

pressure,30 our findings support the hypothesis that arterial 

stiffness contributes to later hypertension in our model of diet-

induced obesity. Interestingly, normalization of metabolic 

state achieved by weight loss after reversing obese mice to ND 

was associated with a rapid reduction in HFHS-induced arte-

rial stiffness and systolic hypertension, suggesting that nor-

malization of metabolic state may contribute to amelioration 

of abnormal vascular function.

HFHS-fed mice recapitulate many aspects of the meta-

bolic syndrome, including insulin resistance, increased plasma 

triglycerides, and hypertension,31,32 making them an excellent 

model to study obesity-linked cardiovascular complications. 

Proinflammatory cytokines TNF-α, MCP-1, and MIP1α were 

upregulated by ≈3-fold in aortas from HFHS-fed mice and 

returned to control levels after reversing obese mice to ND. 

Inflammation and reduced vascular NO bioavailability are known 

important determinants of cardiovascular diseases, including 

arterial stiffness, particularly in settings of aging and diabetes 

mellitus.33,34 In patients with rheumatoid arthritis, TNF-α is asso-

ciated with an increase in carotid–femoral PWV and L-arginine/

asymmetric dimethylarginine ratio, indicative of reduced cellular 

NO-producing capacity. Thus, TNF-α may contribute to aortic 

stiffness, at least in part, by regulating NO bioavailability in set-

tings of chronic inflammation.35 Aortas of HFHS-fed mice had 

both increased expression of TNF-α and impaired aortic relax-

ation to acetylcholine, indicative of reduced endothelial NO pro-

duction, as early as 2 months on HFHS diet. The reduced NO 

bioavailability was also evident by an increase in tissue TG-2 

activity in aortic lysates from HFHS-fed mice (Figure 2B), 

Figure 4. In vitro aortic stiffness and 
medial area are increased in diet-
induced obesity. A, Stiffness modulus 
(kPa) on aortic rings subjected to 0.1 
μm indentation was increased in high-
fat/high-sucrose (HFHS)–fed mice and 
reduced to normal values after reversal to 
normal diet (ND; HFHS/ND; n=7–10 each 
group; ***P<0.0005 vs ND). B, Medial area 
of thoracic aortas from HFHS-fed mice 
was significantly increased compared 
with ND-fed mice and was not affected 
by reversal to ND (n=4–8; *P<0.05 vs ND). 
C, HFHS-induced inflammatory cytokines 
tumor necrosis factor (TNF)-α, monocyte 
chemoattractant protein (MCP)-1, and 
macrophage inflammatory protein (MIP)-
1α mRNA in aortic extracts were reduced 
to normal levels after reversal to ND (n=8 
each group). Data are expressed as fold 
change over ND. *P<0.05 vs ND; #P<0.05 
versus HFHS.

Figure 3. Reversal to normal diet (ND) 
reduces arterial stiffness and hypertension 
in high-fat/high-sucrose (HFHS)–fed mice. 
A, Body weights (BW, g) and pulse wave 
velocity (PWV, mm/ms) in HFHS-fed mice 
decreased to control values after reversal 
to ND. n=8 each group; *P<0.05 vs ND 
baseline; #P<0.05 versus HFHS baseline. 
B, Reversal to ND rapidly reduced fat 
mass (g, left y axis) and plasma insulin 
levels (μg/L, right y axis) in obese mice 
(n=4–14 in each group). C, Systolic blood 
pressure (SBP) and mean arterial pressure 
(MAP) of obese mice were significantly 
decreased after reversal to ND, whereas 
diastolic blood pressure (DBP) did not 
change (n=6). *P<0.05 vs baseline. 
Baseline indicates 5 months on diet (ND 
or HFHS), and reversal indicates 4 months 
of ND after 5 months of HFHS or ND.
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which was decreased after reversal to ND (Figure 5A). TG-2 is 

ubiquitously expressed in vascular cells and catalyzes a trans-

amidation reaction to form strong N-ε-(γ-glutamyl)-lysine bonds 

between extracellular matrix proteins. TG-2 activity is inhibited 

by S-nitrosylation such that in settings of low NO bioavailability, 

it translocates to the extracellular space and becomes more active 

in forming matrix cross-links associated with arterial stiffness.22 

Furthermore, vascular extracellular matrix cross-links known as 

advanced glycosylation end products could form nonenzymati-

cally in settings of chronic hyperglycemia,36 possibly contribut-

ing to arterial stiffness in HFHS-fed mice.

In addition to decreased NO bioavailability, we found 

increased sulfonylated SERCA, a marker of oxidant stress,24,25,37 

in aortas from obese mice compared with ND-fed mice or 

mice reversed to ND. Oxidative post-translational modifica-

tions, such as sulfonylation of SERCA at cysteine 674, prevent 

NO-mediated SERCA-dependent Ca2+ uptake into the sarco/

endoplasmic reticulum and, therefore, impair vascular smooth 

muscle cell relaxation.38 Decreased SERCA activity and endo-

thelial NO in settings of HFHS-induced oxidant stress could 

therefore contribute to HFHS-induced arterial stiffness, at least in 

part, by increasing vascular smooth muscle tone. Taken together, 

our findings indicate that inflammation and decreased NO func-

tion could play a causative role in aortic and extracellular matrix 

remodeling and tone in obesity-induced arterial stiffness.

In conclusion, we showed for the first time in an animal 

model of diet-induced obesity that arterial stiffness precedes 

hypertension. Multiple mechanisms involving inflammatory 

mediators, matrix cross-linking, and decreased NO bioac-

tivity may contribute to vascular remodeling and stiffness in 

advance of hypertension that may be, at least in part, a result 

of arterial stiffness causing undue stress on resistance vessels. 

The finding that reversal to ND improves vascular function in 

addition to the metabolic state indicates that arterial stiffness 

can be a novel target for early pharmacological or lifestyle 

interventions to prevent hypertension and associated compli-

cations in settings of obesity.

Perspectives

Arterial stiffness is an independent risk factor for cardiovas-

cular events. Hypertension is associated with arterial stiff-

ness although their temporal relations remain controversial. 

Here, we report that in diet-induced obesity, arterial stiffness 

precedes the onset of hypertension. Weight loss improves not 

only the diet-induced metabolic impairment in obese mice but 

also arterial stiffness and hypertension. When considering the 

epidemic incidence of obesity in the United States, mainly 

because of excessive consumption of fat- and sucrose-rich 

diets, arterial stiffness could represent a novel therapeutic tar-

get to prevent obesity-associated cardiovascular complications 

including hypertension.
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What Is New?

•	Arterial stiffness is increased in a diet-induced model of obesity and pre-

cedes hypertension.

•	Arterial stiffness and high blood pressure are reversed to normal when 

the metabolic state of obese mice is normalized by weight loss.

What Is Relevant?

•	Arterial stiffness could represent a novel therapeutic target to prevent 

obesity-associated cardiovascular complications including hypertension.

Summary

Whether arterial stiffness could develop in advance of hyperten-

sion is unknown. Here, we report that in a model of diet-induced 

obesity, arterial stiffness precedes the onset of hypertension. Nor-

malization of metabolic state by weight loss in obese mice returned 

arterial stiffness and high blood pressure to normal. Arterial stiff-

ness could be a novel therapeutic target to prevent cardiovascular 

complications, including hypertension, in settings of obesity.

Novelty and Significance
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