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Introduction: High fructose and salt consumption continues to be prevalent in western 
society. Existing studies show that a rat model reflecting a diet of fructose and salt consumed 
by the upper 20th percentile of the human population results in salt-sensitive hypertension 
mitigated by treatment with an antioxidant. We hypothesized that dietary fructose, rather than 
glucose, combined with high salt leads to aortic stiffening and decreased renal artery 
compliance. We also expect that daily supplementation with the antioxidant, 4-hydroxy- 
2,2,6,6-tetramethylpiperidine-1-oxyl (+T; Tempol), will ameliorate the increase in mean 
arterial pressure (MAP) and vascular changes.
Methods: Male Sprague Dawley rats were studied with either 20% fructose or 20% glucose 
in the drinking water and normal salt (0.4%) or high salt (4%) in the chow resulting in four 
dietary groups: fructose normal Fru+NS or high salt (Fru+HS) or glucose with normal (Glu 
+NS) or high salt (Glu+HS). Tempol (+T) was added to the drinking water in half of the rats 
in each group for 3 weeks.
Results: MAP was significantly elevated and the glucose:insulin ratio was depressed in the 
Fru+HS. Both parameters were normalized in Fru+HS+T. Plasma renin activity (PRA) and 
kidney tissue angiotensin II (Ang II) were not suppressed in the high salt groups. Pulse wave 
velocity (PWV), radial ascending strain, and distensibility coefficient of the ascending aorta 
were significantly decreased in Fru+HS rats and improved in the Fru+HS+T rats. No 
differences occurred in left ventricular systolic function, but the ratio of early (E) to late 
(A) transmitral filling velocities was decreased and renal resistive index (RRI) was higher in 
Fru+HS rats; antioxidant treatment did not change these indices.
Discussion: Thus, short-term consumption of high fructose plus high salt diet by rats results 
in modest hypertension, insulin resistance, diminished aortic and renal artery compliance, 
and left ventricular diastolic dysfunction. Antioxidant treatment ameliorates the blood 
pressure, insulin resistance and aortic stiffness, but not renal artery stiffness and left 
ventricular diastolic dysfunction.
Keywords: angiotensin II, hypertension, insulin resistance, pulse wave velocity, renin

Plain Language Summary
High fructose and high salt consumption is very common in western society. Rats were given 
a diet that mimics the amounts of fructose and salt eaten by one-fifth of the human 
population and were compared with rats eating fructose and normal salt diet or rats fed a 
diet that provided the same number of sugar calories in the form of glucose and either high or 
normal salt diet.  Even after a short 3-week period, the rats on the combined high fructose 
and high salt diet had higher blood pressure than any of the other groups. Rats fed high 
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fructose and high salt diet also developed stiffening of their 
major large arteries, including the aorta and kidney artery, and 
showed evidence of insulin resistance. These are all major risk 
factors for heart disease, stroke and kidney failure. The high 
fructose plus high salt diet also caused early dysfunction of the 
left ventricle of the heart. Treatment with an antioxidant pre-
vented the hypertension, insulin resistance, and aortic stiffness 
but did not benefit renal artery changes or poor function of the 
left ventricle of the heart.

Introduction
Hypertension prevalence is currently estimated at 46% 
among adults in the United States and remains one of the 
top healthcare and societal burdens.1 Chronic increases in 
arterial pressure contribute to the development of comorbid-
ities and major adverse cardiac events (MACE) such as 
stroke, myocardial infarction, heart failure, and renal 
disease.2 Despite the urgent need to implement strategies 
for incidence reduction, the etiologies underlying the major-
ity of hypertensive states still remain unknown. In addition to 
genomic factors, environmental factors including suboptimal 
dietary habits also contribute to the development of hyper-
tension. Consumption of fructose has been on the rise due to 
increasing use of high fructose corn syrup since the 1970s for 
sweetening beverages and pre-packaged foods.3 A recent 
meta-analysis found that individuals consuming sugar- 
sweetened beverages in the highest versus lowest quantile 
displayed a greater risk for hypertension.4 The association 
between fructose ingestion and hypertension is potentiated 
by increased salt intake.5 Indeed, a typical Western diet is 
enriched in both fructose and salt.

Previous work in the fructose-induced salt-sensitive 
hypertension rat model showed increased reactive oxygen 
species (ROS) production, diminished nitric oxide bioa-
vailability and cumulative positive sodium balance.6,7 

Activation of the renin-angiotensin-aldosterone system 
(RAAS) and increased renal sympathetic nerve activity, 
both of which promote increased renal tubular sodium 
reabsorption, have also been implicated as mechanisms 
resulting in elevated arterial pressure.6,8-11 Notably, bilat-
eral renal cryo-denervation9 or daily treatment with the 
superoxide dismutase mimetic, 4-hydroxy-2,2,6,6-tetra-
methylpiperidine-1-oxyl (+T; Tempol), reduces 8-isopros-
tane excretion and ameliorates the hypertension.10 In light 
of these findings, it is possible that combined fructose and 
high salt diet may exert a deleterious impact on cardiac 
and vascular function either directly or indirectly via the 
elevated arterial pressure. If so, then it would be important 

to evaluate whether 4-hydroxy-2,2,6,6-tetramethylpiperi-
dine-1-oxyl also ameliorates cardiovascular dysfunction 
in this model.

Data from the Framingham population highlight that 
aortic stiffening precedes hypertension.12,13 The force of 
ejected blood during cardiac systole exerts pressure on the 
aortic wall that makes the normal aorta expand and then 
recoil back during cardiac diastole. This property of 
healthy aorta is known as the Windkessel function, or 
capacitance, and functionally is responsible for reduction 
of systolic blood pressure and maintenance of peripheral 
perfusion during diastole. As the aorta stiffens such as 
occurs physiologically in aging and pathophysiologically 
in diabetes, obesity and hypertension, it loses the 
Windkessel function which is reflected in increases in 
pulse wave velocity (PWV).14,15 Accordingly, aortic 
PWV is one of the most reliable predictors of cardiovas-
cular mortality as demonstrated by two major meta- 
analyses.16,17 Elastic properties of major vessels can also 
be assessed with strain imaging as demonstrated by 
a recent study describing reductions in common carotid 
artery strain as a valuable tool for detection of athero-
sclerotic disease.18 Likewise, a decrease in ascending aor-
tic strain is an independent predictor of significant 
coronary artery disease in patients with coronary artery 
stenosis ≥70%.19 Given the interdependence of systemic 
and renal hemodynamics, it is tempting to speculate that 
aortic stiffening is expected to have deleterious conse-
quences on the renal vasculature. Renal resistive index 
(RRI) measured with intrarenal Doppler ultrasound is 
influenced by complex interactions between vascular wall 
properties and systemic factors and can be used to identify 
vascular dysfunction.20 Higher RRI is associated with 
increased PWV21 and leads to microvascular damage 
over time.22 The effects of fructose-induced salt-sensitive 
hypertension on the elastic properties of conduit and resis-
tance vessels are presently undefined. Even in the absence 
of hypertension, salt-sensitivity in humans constitutes 
a cardiovascular risk factor.23,24 It is unknown whether 
fructose predisposes to salt-sensitive hypertension by 
reduced aortic compliance, increased PWV and conse-
quential perturbations in renal hemodynamics or via the 
ROS system. However, such a process could link fructose 
and high salt ingestion with hypertension and may explain 
how fructose-induced salt-sensitive hypertension leads to 
systemic and renal hemodynamic derangements.

In the present investigation, we employed the fructose- 
induced salt-sensitive hypertension rat model by feeding rats 
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20% (w/v) fructose for one week, followed by the addition of 
4% NaCl for three more weeks, which results in increases in 
mean arterial pressure.9 We hypothesized that dietary fructose, 
rather than glucose, in combination with high salt will lead to 
aortic stiffening, evidenced by increased aortic PWV, 
decreased strain, and decreased distensibility coefficient. 
This will, in turn, result in an increase in RRI. We hypothesize 
that daily supplementation with the antioxidant, 4-hydroxy- 
2,2,6,6-tetramethylpiperidine-1-oxyl, will ameliorate the 
increase in mean arterial pressure, and thereby mitigate vas-
cular stiffening. These studies are aimed at identifying the 
diverse mechanisms that diminish aortic compliance, impair 
renal vascular function, and contribute to hypertension.

Materials and Methods
Animals
Male Sprague Dawley rats (Harlan Sprague Dawley, 
Indianapolis, IN) were housed under controlled conditions 
(21–23°C; 12 hr light and 12 hr dark cycles, light on at 7 
am) and were permitted ad libitum access to water and 
standard rat chow containing 0.4% NaCl until they were 
enrolled into experimental protocols described below. 
Complete care provided to rats was in accordance with 
the principles of the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. All proce-
dures and protocols were approved by the Wayne State 
University Institutional Animal Care and Use Committee 
(Protocol #19-01-1001).

Dietary Regimen
Upon arrival of animals to the DLAR facilities, all rats 
were provided ad libitum access to 0.4% NaCl standard 
chow (Envigo Teklad, Madison, WI) and normal water. 
Three to five days later, hemodynamic telemetry devices 
were implanted and rats allowed to recover for three-four 
days in single housing. Following previously established 
protocols,6,9,10 the rats were randomized to either 20% (w/ 
v) glucose (Sigma-Aldrich, St. Louis, MO) or 20% (w/v) 
fructose (Sigma-Aldrich, St. Louis, MO) and maintained 
0.4% NaCl chow. The age of rats at enrollment was 10–12 
weeks and the average weight was 228.6 ± 5.9 g in the 
control group and 225 ± 2.5g in the Tempol group. 
Glucose was provided in the control groups to match 
both caloric and fluid intake. The consumption of glucose 
and fructose was similar throughout the protocol (~65 
calories per day as carbohydrate). After one week, the 
rats were randomly assigned to one of eight groups: 1) 

glucose and normal (0.4%) salt (Glu+NS), 2), glucose and 
high (4.0%) salt (Glu+HS), 3) fructose and normal salt 
(Fru+NS), 4) fructose and high salt (Fru+HS), 5) Glu+NS 
with the addition of 4-hydroxy-2,2,6,6-tetramethyl- 
piperidine-1-oxyl (+T) (Glu+NS+T), 6) Glu+HS+T, 7) 
Fru-NS+T or 8) Fru+HS+T.

To assure that each rat in the groups receiving +T 
(Santa Cruz, Santa Cruz, CA) received the full dose, 
35 mL of the respective drinking mixture was supplemen-
ted with +T, 15 mg/400 g body weight. After the rat 
completed drinking the allotted antioxidant solution, 
a fresh water bottle with the respective glucose or fructose 
supplement alone was provided. This approach allowed 
verification that each rat received its full dose of anti- 
oxidant and that fructose or glucose ingestion across all 
groups was similar. The respective dietary regimens were 
continued for three weeks with monitoring of hemody-
namic parameters via telemetry.

Surgical Procedures
Hemodynamic Telemetry Transmitter Placement
All rats were instrumented with hemodynamic telemeters 
at ten weeks of age (~225 g body weight) under ketamine 
(80 mg/kg) and xylazine (10 mg/mL) anesthesia. An inci-
sion was made in the groin and a hemodynamic telemetry 
transmitter (TA11PA-C40, Data Sciences International) 
implanted by exposing the right femoral artery, tempora-
rily occluding the proximal end, and inserting the gel-filled 
catheter attached to the transmitter device into the artery 
with a 21-gauge needle. The catheter was advanced into 
the abdominal aorta and the transmitter tunneled subcuta-
neously. The incision was closed using surgical staples. 
Post-operative analgesia was provided with buprenorphine 
SR (0.3 mg/kg subcutaneously).

Vascular Catheter Placement
At the end of the fourth week (1-week glucose/fructose + 3 
weeks ± Tempol®), the rats were instrumented with carotid 
arterial catheters for hemodynamic monitoring during 
ultrasonography and for collection of aortic blood at the 
conclusion of experiments.

Telemetry, Echocardiography and Renal 
Doppler Studies
Data acquisition of hemodynamic parameters was performed 
using Dataquest ART software (Data Sciences International). 
Measurements of heart rate, systolic (SBP), diastolic (DBP), 
and mean arterial pressures (MAP) as well as the derived 
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pulse pressure (PP) were sampled for 10 sec at a sampling 
rate of 500 samples/sec every 1 hr for the remainder of the 
3-week protocol. The average of hemodynamic recordings 
initiated during the last three days of the week during which 
the rats were on glucose or fructose and 0.4% NaCl were 
taken as baseline. Once assigned to one of the eight groups 
(see above), hemodynamic measurements over the next three 
weeks were taken for 24 hr beginning at 7 am (lights on) 
during Mondays and Thursdays in order to avoid cage clean-
ing days and disruptions (eg, weekend changes in veterinary 
staff) that could impact the parameters as well as conserve 
telemeter battery time. Values are the 24-hr average for a -
given day. Two days after placement of vascular catheters, 
echocardiography and renal Doppler scans were completed 
by an investigator blinded to the group assignments. Blood 
pressure and heart rate were monitored continuously with 
PowerLab (ADInstruments, Colorado Springs, CO) con-
nected to the LabChart 8.0 software.

Rats were anesthetized with 3% isoflurane in an induc-
tion chamber, and maintenance of anesthesia was achieved 
with 1.5% isoflurane delivered via a nose cone. Scans 
were performed on the heated platform (Fujifilm 
Visualsonics, Inc., Toronto, Canada) in a supine position 
with all four limbs secured to ECG electrodes with tape. 
Fur was removed from the chest and abdominal areas first 
by shaving the area followed by a cream depilatory 
(Pharmaceutical Innovations, Newark, NJ), before apply-
ing contact gel preheated to 37°C. Body temperature was 
monitored using a rectal probe. Echocardiographic record-
ings were made according to standard methods25,26 at the 
conclusion of the three-week dietary intervention.

Images were acquired using a Vevo3100 with an MX- 
250S transducer (Fujifilm Visualsonics Inc.). A parasternal 
short axis view was used to obtain images in M-mode at the 
level of papillary muscles to assess systolic function and left 
ventricular dimensions. Left ventricular diastolic function 
was ascertained using pulse wave Doppler recordings of 
transmitral flow velocities aligned in the apical four chamber 
view. Aortic PWV was determined using B-mode and pulse 
wave Doppler of aortic flow velocities at two positions along 
the aortic arch.27 Briefly, the time to initiation of flow was 
determined relative to the ECG and the difference calculated. 
The distance between the two flow positions determined 
along the B-mode image, was then divided by the time to 
calculate the PWV.

The renal resistive index (RRI) was ascertained using 
pulse wave Doppler imaging of flow through the left main 
renal artery. The RRI was calculated as the difference 

between the peak systolic and minimum diastolic velocity, 
divided by the peak systolic velocity.20 Aortic distensibil-
ity and strain were derived from the B-mode images. Some 
measurements were not able to be technically ascertained 
in each animal due to anatomical constraints. Data analysis 
was completed offline in blinded fashion using VevoLab 
and VevoVasc software (Fujifilm Visualsonics, Inc.).

After all scans were completed, the rats were permitted 
to recover from isoflurane anesthesia and allowed to regain 
normal activities for ~4–6 hr. Arterial blood was then 
collected in the conscious animals using the carotid cathe-
ter for hormone analyses. Blood (1 mL) was taken over 
90-sec period into pre-chilled tubes containing 50 µL 
sodium ethylenediaminetetraacetic acid (EDTA) for PRA. 
Another 1.5 mL of blood was taken into a separate pre- 
chilled tube with 120 µL of 500 mM sodium EDTA, 125 
mM phenanthroline, 1 mM phenylmethanesulfonyl fluor-
ide, 20 mM pepstatin, 1 mM enalapril and 10X phospha-
tase inhibitor cocktail for Ang II. The blood was 
immediately centrifuges at 3000 rpm at 4°C, and the 
plasma stored at −70°C until assay.

The rats were then euthanized with pentobarbital 
(100mg/kg) and hearts and kidneys harvested and weighed 
while keeping them cold in saline. The renal cortex was 
then rapidly and sharply dissected and the tissue frozen 
at –80°C until analyzed for tissue Ang II.

Hormone Assays
All tests were performed on blood samples obtained simul-
taneously between 1 pm and 4 pm. Non-fasting blood 
glucose concentrations were measured with One Touch 
Ultra 2 (Lifescan, Switzerland). Plasma renin activity 
(PRA) (IBL International, Hamburg, Germany) and insulin 
(Cayman, Ann Arbor, MI) were measured by enzyme- 
linked immunosorbent assays according to the product 
directions. Plasma and tissue angiotensin II (Ang II) con-
centrations were assessed by radioimmunoassay as pre-
viously described by our laboratory.28

Analyses and Statistics
Heart rate and arterial pressures were collected using 
Dataquest ART software (Data Sciences Intl, St. Paul, MN) 
and averaged over a 24-hr period. All analyses were per-
formed by a researcher blinded to the group assignments. 
Results are presented as mean ± SE. Comparisons among 
groups were completed with one-way ANOVA; comparisons 
among groups over time were accomplished using two-factor 
ANOVA. A repeated measures design requires that every 
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participant participates in every condition of the experiment, 
historically called a within-subjects design. Our data were 
unbalanced, that is, there were slightly different but unequal 
sample sizes across each group since some procedures were 
not able to be performed in each animal due to technical 
reasons (eg, catheter malfunction). The repeated measures 
design drops sample sizes in the analysis until the same, or 
equal, numbers are in each group across all time points. 
Ideally, the repeated measures design (with time point) 
would be preferred. However, this selection of analysis 
would drop the already small sample size until the numbers 
were equal across all time points and in each group observed – 
until they all have the same sample size. The two-factor 
approach (group and time point) allows us to keep all the 
data available and conduct mean comparisons, using a Sidak 
post hoc test for multiple pairwise comparisons. Homogeneity 
of variance was checked and verified using Leven’s test.

Comparisons of ultrasound parameters between Fru 
+HS and Fru+HS+T groups were done using Student’s 
unpaired t-test. Differences were deemed statistically sig-
nificant when the P-value was less than 0.05.

Results
Systemic Hemodynamics, Body and 
Organ Weights
Baseline body weight and heart weight of fructose-fed and 
glucose-fed rats with and without antioxidant supplementa-
tion were similar. Kidney weights were significantly greater 
in control fructose-fed rats on either normal or high salt diets. 

In +T-treated rats, mean kidney weights were also higher but 
the differences were only significant for the left kidneys since 
right kidney weights displayed greater variability (Table 1).

Baseline SBP, DBP, MAP and heart rate were similar 
across all groups (Table 2). Baseline PP appeared to be 
greater in the Fru+HS group but this did not achieve 
significance (P = 0.16). SBP and MAP increased signifi-
cantly after three weeks of high salt diet in fructose-fed 
but not glucose-fed animals; supplementation with anti-
oxidant prevented this increase (Figure 1). After three 
weeks, the change in DBP, PP and heart rate did not 
differ among the groups. For clarity, Figure 2 depicts the 
progression of MAP over time only for fructose-fed rats. 
By day 10, MAP rose significantly compared with base-
line in Fru+HS rats and remained elevated from Day 17 
through the 24th day. MAP progressively declined from 
Day 7 to Day 24 in the Fru+HS+T group such that there 
was no difference in MAP among Fru+NS, Fru+NS+T 
and Fru+HS+T groups by day 24; however, MAP of the 
Fru+HS group was significantly greater than any of the 
other three groups. SBP followed the same pattern as 
MAP. Glucose-fed rats in any of the groups did not 
display significant changes from baseline or among the 
groups in MAP at any point of time (data not shown).

Cardiovascular Parameters Measured by 
Echocardiography
The increase in MAP in the Fru+HS group was accompa-
nied by an increase in aortic pulse wave velocity (PWV) 

Table 1 Rat, Kidney and Heart Weights for All Rat Groups

n Initial Rat Body Weight 
(g)

Final Rat Body Weight 
(g)

Kidney Weight Heart Weight 
(g/kg BW)

Left Right

(g/kg BW)

Control

Glu+NS 8 230 ± 8 327 ± 7 2.9 ± 0.1 2.9 ± 0.2 3.8 ± 0.8
Glu+HS 12 224 ± 5 329 ± 8 2.9 ± 0.1 2.9 ± 0.3 3.9 ± 0.5

Fru+NS 8 227 ± 7 330 ± 13 3.1 ± 0.1* 3.2 ± 0.3* 4.1 ± 0.7

Fru+HS 10 226 ± 5 313 ± 5 3.2 ± 0.1* 3.1 ± 0.3* 3.9 ± 0.4

Tempol

Glu+NS+T 10 222 ± 5 332 ± 10 2.9 ± 0.1 2.9 ± 0.2 3.7 ± 0.4

Glu+HS+T 12 228 ± 8 329 ± 5 2.8 ± 0.1 2.9 ± 0.3 3.9 ± 0.4

Fru+NS+T 9 224 ± 6 329 ± 9 3.2 ± 0.1† 3.2 ± 0.2 3.7 ± 0.4
Fru+HS+T 9 222 ± 5 337 ± 14 3.1 ± 0.1† 3.1 ± 0.4 3.7 ± 0.4

Notes: Values are mean ± SE. *P < 0.05 vs corresponding glucose-fed group †P < 0.05 vs corresponding glucose-fed plus Tempol® group. 
Abbreviations: Glu+NS, 20% glucose+0.4% NaCl; Glu+HS, 20% glucose+4% NaCl; Fru+NS, 20% fructose+0.4% NaCl; Fru+HS, 20% fructose+4% NaCl; +T, indicates 
addition of 15 mg/400g BW Tempol®; BW, body weight.
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(803 ± 19 mm/s, P < 0.005) compared with Glu+NS (606 ± 
48 mm/s), Glu+HS (645 ± 39 mm/s) or Fru+NS (700 ± 
27 mm/s) groups (Figure 2A). Attenuation of free radical 
formation decreased aortic PWV in Fru+HS+T rats (686 ± 
31 mm/s, P < 0.005) compared to their non-treated counter-
parts (Figure 2B), while it produced no change in PWV in 
other groups (Glu+NS: 681 ± 30 mm/s, Glu+HS+T: 630 ± 
37 mm/s and Fru+NS+T: 684 ± 43 mm/s).

Echocardiographic measures of systolic cardiac func-
tion revealed no overt phenotype in rats fed fructose and 
high salt diet. Ejection fraction, fractional shortening, left 
ventricle (LV) dimensions, and LV mass were similar across 
all groups (Table 3). Notably, only the Fru+HS rats dis-
played evidence of diastolic dysfunction (Figure 3A). 
Specifically, the ratio of early (E) to late (A) transmitral 
filling velocities was decreased in Fru+HS rats (1.12 ± 0.03, 

P < 0.005) compared with the rats on glucose (Glu+NS: 
1.28 ± 0.04 and Glu+HS: 1.37 ± 0.05) or Fru+NS rats 
(1.37 ± 0.08). Supplementation with the antioxidant did 
not change E/A in Fru+HS rats (1.09 ± 0.07, Figure 3B) 
nor in any of the other groups: Glu+NS+T (1.38 ± 0.07), 
Glu+HS+T (1.25 ± 0.06) and Fru+NS+T (1.28 ± 0.04).

Radial ascending aortic strain was decreased in rats fed 
fructose and high salt (11.60 ± 0.76%, P < 0.05) compared 
with Glu+NS (16.24 ± 1.33%), Glu+HS (18.90 ± 2.44%) or 
Fru+NS (17.39 ± 1.93%) groups (Figure 4A). This was also 
reflected in reductions in the distensibility coefficient in Fru 
+HS rats (44.22 ± 7.70 MPa−1, P < 0.05), compared with 
Glu+NS (88.37 ± 8.02 MPa−1), Glu+HS (80.30 ± 10.15 
MPa−1) or Fru+NS (92.49 ± 23.88 MPa−1) groups 
(Figure 4C). Treatment with superoxide dismutase mimetic 
reversed the impairment of the aorta in Fru+HS rats to 
expand and accommodate the ejected blood (Fru+HS+T, 
16.25 ± 1.38%, P < 0.05), thereby increasing radial ascend-
ing aortic strain (Figure 4B). Radial ascending aortic strain 
remained unchanged in +T-treated groups on all other diets 
(Glu+NS, 17.68 ± 2.61%; Glu+HS, 18.67 ± 3.16%; and Fru 
+NS, 17.62 ± 2.74%). On the other hand, Figure 4D shows 
that treatment with +T increased the distensibility coeffi-
cient in fructose-fed rats on high salt diet (Fru+HS+T, 64.59 
±10.48 MPa−1) but did not restore it to levels comparable to 
those in the glucose-fed groups.

The RRI, a measure of renal vascular stiffness or impe-
dance, was significantly augmented in the Fru+HS group 
(0.60 ± 0.03, P < 0.05), compared with Glu+NS (0.45 ± 
0.03), Glu+HS (0.45 ± 0.04) or Fru+NS groups (0.47 ± 0.05) 
(Figure 5A). No differences were observed among the 
+T-treated groups (Glu+NS+T, 0.50 ± 0.04; Glu+HS+T, 

Table 2 Baseline Hemodynamics and Changes After 3-Week Diet Regimen

Diet N Baseline 
MAP 

(mmHg)

ΔMAP   

(mmHg)

Baseline 
SBP 

(mmHg)

ΔSBP   

(mmHg)

Baseline 
DBP 

(mmHg)

ΔDBP   

(mmHg)

Baseline 
PP 

(mmHg)

ΔPP   

(mmHg)

Baseline 
Heart Rate 

(bpm)

ΔHR   

(bpm)

Control

Glu+NS 8 107 ± 3 0.2 ± 1.5 123 ± 4 0.3 ± 1.7 93 ± 5 4.7 ± 1.5 29 ± 3 1.6 ± 2.2 411 ± 20 −28 ± 20

Glu+HS 12 106 ± 2 1.5 ± 1.0 122 ± 2 1.9 ± 1.2 93 ± 3 5.6 ±2.8 30 ± 2 −1.6 ± 1.6 437 ± 27 −30 ± 20

Fru+NS 8 107 ± 3 −0.9 ± 1.8 124 ± 4 −1.3 ± 2.5 93 ± 4 5.6 ± 2.1 31 ± 3 1.2 ± 2.6 408 ± 21 −26 ± 26

Fru+HS 10 107 ± 2 5.5 ± 0.8*‡ 126 ± 4 5.6 ± 1.5*‡ 91 ± 2 6.7 ± 2.8 37 ± 3 0.9 ± 1.7 409 ± 19 −16 ± 20

Tempol

Glu+NS+T 10 104 ± 2 1.2 ± 1.1 121 ± 4 −0.4± 2.0 93 ± 3 4.9 ± 1.8 28 ± 3 −0.3 ± 2.0 431 ± 24 −25 ± 11

Glu+HS+T 12 107 ± 2 1.1 ± 1.1 121 ± 4 2.7 ± 1.2 87 ± 3 5.1 ± 3.5 34 ± 3 −0.8 ± 1.2 421 ± 22 −26 ± 20

Fru+NS+T 9 108 ± 3 1.2 ± 0.8 128 ± 4 0.3 ± 1.1 98 ± 6 6.1 ± 3.0 29 ± 4 −0.6 ± 0.7 422 ± 15 −31 ± 13

Fru+HS+T 9 110 ± 2 0.8 ± 0.8† 129 ± 3 1.9 ± 0.7† 91 ± 1 5.3 ± 3.3 39 ± 3 0.9 1.5 422 ± 13 −23 ± 16

Notes: Group definitions as in Table 1. Values are mean ± SE. *P < 0.05 vs Glu+NS; ‡P < 0.05 vs Fru+NS; †P < 0.05 vs Fru+HS.
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Figure 1 Change in mean arterial pressure (MAP) over the 3-week period for the 
fructose-fed groups. Baseline MAP and delta MAP for glucose-fed groups did not 
change significantly over time (Table 2); not depicted graphically for simplicity. Fru 
+NS, 20% fructose+0.4% NaCl; Fru+HS, 20% fructose+4% NaCl; +T, indicates 
addition of 15 mg/400g BW Tempol; BW, body weight. *Values are mean ± SE; 
n as in Table 2. *P < 0.05 vs baseline for Fru+HS; †P < 0.05 for Fru+HS vs all other 
fructose-fed groups by two-way ANOVA on Day 24.
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0.53 ± 0.4; Fru+NS+T, 0.50 ± 0.02; and Fru+HS+T, 0.60 ± 
0.05). Notably, the antioxidant failed to reverse the augmen-
ted RRI in rats fed fructose and high salt diet (Figure 5B).

PRA, Angiotensin II and Insulin Levels
High salt diet did not suppress PRA in either glucose-fed or 
fructose-fed rats (Table 4). In contrast, plasma Ang II was 
significantly lower in both Glu+HS and Fru+HS rats com-
pared with rats fed the same sugar on normal salt diet. Plasma 
Ang II was attenuated in both Glu+NS+T and Fru+NS+T 
groups such that there were no differences among any of the 
+T-treated groups. Although kidney cortical tissue Ang II 
tended to be higher in the +T-treated normal salt groups vs 
the +T-treated high salt groups ingesting the same sugar, renal 
cortical tissue Ang II levels did not significantly differ among 
any of the groups. Non-fasting blood glucose values were 
similar among the groups (Table 4). Figure 6A shows that the 

glucose:insulin ratio was significantly diminished in the Fru 
+HS group (P < 0.05), indicative of insulin resistance com-
pared with the other groups. The glucose:insulin ratio was 
restored in the Fru+HS+T group to a value significantly 
greater than the Fru+HS group (Figure 6B, P < 0.05).

Discussion
The major findings of the present investigation support the 
hypothesis that fructose and high salt feeding for as short 
a period as three weeks in rats results in salt-sensitive 
systolic hypertension, stiffening of the ascending aorta, 
and diastolic left ventricular dysfunction. This occurs at 
a time when the rats have insulin resistance but are not 
frankly diabetic. Free radical scavenging at least partially 
reverses the aortic stiffening but not the diastolic dysfunc-
tion. The vascular perturbations associated with combined 
fructose and high salt intake include increased ascending 
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Figure 2 Aortic pulse wave velocity (PWV) in (A) the four groups of rats: Glu+NS, 20% glucose+0.4% NaCl; Glu+HS, 20% glucose+4% NaCl; Fru+NS, 20% fructose+0.4% 
NaCl; Fru+HS, 20% fructose+4% NaCl. (B) Aortic pulse wave velocity in rats given either Fru+HS alone or with addition of 15 mg/400g BW Tempol (+T); BW, body weight, 
Fru+HS+T. Values are mean ± SE; n as indicated per group; *P < 0.005 vs other three groups; **P < 0.005 vs Fru+HS group.

Table 3 Echocardiographic Parameters in Control Groups

Glu+NS Glu+HS Fru+NS Fru+HS

N 8 12 7 11

LVEF (%) 82 ± 3 78 ± 3 85 ± 2 75 ± 3
LVFS (%) 52 ± 3 48 ± 3 56 ± 3 47 ± 3

LVAWs (mm) 3.11 ± 0.15 2.92 ± 0.12 3.31 ± 0.10 2.82 ± 0.09

LVAWd (mm) 1.95 ± 0.06 1.98 ± 0.05 2.09 ± 0.09 1.85 ± 0.04
LVIDs (mm) 3.07 ± 0.32 3.22 ± 0.22 2.72 ± 0.32 2.58 ± 0.21

LVIDd (mm) 6.34 ± 0.19 6.34 ± 0.17 6.34 ± 0.27 6.58 ± 0.19

LVPWs (mm) 2.94 ± 0.18 3.17 ± 0.16 2.92 ± 0.15 2.81 ± 0.19
LVPWd (mm) 1.84 ± 0.09 1.96 ± 0.13 1.64 ± 0.14 1.84 ± 0.22

LV mass (mg) 645 ± 39 688 ± 38 663 ± 64 631 ± 33

Notes: Group definitions as in Table 1. Values are mean ± SE. 
Abbreviations: LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; HR, heart rate; LVAWs, left ventricular end-systolic wall thickness; 
LVAWd, left ventricular end-diastolic anterior all thickness; LVIDs, left ventricular end-systolic inner diameter; LVIDd, left ventricular end-diastolic inner diameter; LVPWs, 
end-systolic left ventricular posterior wall thickness; LVPWd, end-diastolic left ventricular posterior wall thickness.
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Figure 3 Ratio of early to late (E/A) transmitral filling velocities in (A) the four groups of rats and (B) rats fed fructose-high salt alone or with Tempol (+T). Group 
designations as in Figure 2. Values are mean ± SE; n as indicated per group; *P < 0.005 vs other three groups.
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Figure 4 Elastic properties of the ascending aorta: radial ascending aortic strain and distensibility coefficient, respectively, in the four groups of rats (A and C) and in rats fed 
fructose-high salt alone or with Tempol (B and D).Group designations as in Figure 2. Values are mean ± SE; n as indicated per group; *P < 0.05 vs other control groups; **P < 
0.05 vs Fru+HS group.
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aortic PWV, decreased radial ascending aortic strain, and an 
impaired distensibility coefficient. The decreased E/A ratio 
denotes early diastolic left ventricular dysfunction. In addi-
tion, the increase in RRI in fructose-fed, high salt rats 
indicates impaired vascular compliance of the main renal 
artery that is not ameliorated by 4-hydroxy-2,2,6,6- tetra-
methylpiperidine-1-oxyl, suggesting a mechanistic basis 
other than oxidative stress. Interestingly, although PRA is 
not suppressed, the vasoactive hormone plasma Ang II is 
reduced after three weeks of high salt diet in both glucose- 
and fructose-fed animals. Intrarenal Ang II does not appear 
to be affected by either diet or antioxidant treatment.

Fructose, Salt and Blood Pressure
The present studies confirm previous findings from our own9 

and other laboratories6,8,10 showing that consumption of 
fructose at levels comparable to that ingested by the upper 
20th percentile of the human population combined with high 
salt intake results in elevated arterial pressure. Although the 
increase in arterial pressure is modest when assessed in 
conscious unstressed rats by telemetry (vs tail cuff where in 

there is the additional stress component of mild restraint), it is 
nonetheless reproducible, significant, and sustained. 
Moreover, the present data indicate that the elevation in 
arterial pressure is primarily due to a disproportionate rise 
in systolic pressure which may be more closely related to 
large artery stiffness (see below). The combination of high 
fructose and high salt intake has the potential to alter arterial 
wall cell function and structure independent of blood 
pressure.29,30 Hypertension, in turn, can influence vascular 
stiffness via cellular and structural responses to mechanical 
pressure-induced wall stress.31 Regardless of whether systo-
lic hypertension is a cause or effect of arterial stiffness,31 the 
result is a complex interplay of factors that are influenced by 
consumption of fructose and high salt diet.

The observation that 4% NaCl diet does not suppress 
PRA in either glucose-fed or fructose-fed animals is dis-
tinctly different than the classic suppression of PRA by 
high salt diets in rats provided with normal carbohydrate 
diets.6,32,33 Notably, earlier reports used higher salt diets 
(eg, ≥8% NaCl) that do not reflect typical human intake to 
inhibit PRA and did not report plasma Ang II levels.34,35 

Figure 5 Renal resistive index (RRI) in (A) the four groups of rats and (B) rats fed fructose-high salt alone or with Tempol (+T). Group designations as in Figure 2. Values 
are mean ± SE; n as indicated per group; *P < 0.05 vs other control groups.

Table 4 Values for Plasma Glucose, PRA and Ang II and Renal Cortical Tissue Ang II After 3-Week Diet Regimen

Diet N Glucose 
(mg/dL)

PRA  
(ng AngI per ml/hr)

Plasma Ang II 
(fmol/ml)

Kidney Tissue Ang II 
(fmol/g)

Glu+NS 8 132 ± 2 4.7 ± 1.5 34.2 ± 4.6 1,609 ± 222
Glu+HS 12 134 ± 7 5.6 ±2.8 16.5 ± 4.2* 1,829 ± 269

Fru+NS 8 130 ± 5 5.6 ± 2.1 38.5 ± 5.8 1,667 ± 280
Fru+HS 10 137 ± 8 6.7 ± 2.8 22.2 ± 4.6‡ 1,403 ± 223

Glu+NS+T 10 138 ± 6 4.9 ± 1.8 16.0 ± 2.3* 2,306 ± 396

Glu+HS+T 12 130 ± 4 5.1 ± 3.5 18.7 ± 4.3 1,376 ± 168
Fru+NS+T 9 142 ± 7 6.1 ± 3.0 25.4 ± 5.1 2,067 ± 241

Fru+HS+T 9 132 ± 3 5.3 ± 3.3 19.4 ± 3.5 1,509 ± 290

Notes: Group definitions as in Table 1. Values are mean ± SE. *P < 0.05 vs Glu+NS; ‡ P < 0.05 vs Fru+NS. 
Abbreviations: PRA, plasma renin activity; Ang II, angiotensin II.
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Although high salt diet when ingested with fructose sup-
presses plasma Ang II but not renal tissue Ang II. The 
persistence of high intrarenal Ang II, which has been 
shown to increase proximal tubular sodium 
reabsorption,8,36 may very well be responsible for cumula-
tive positive sodium balance and hypertension observed in 
this model.6 Furthermore, dietary fructose augments Ang II- 
stimulated superoxide formation by the kidney further 
enhancing proximal tubular sodium reabsorption and leading 
to volume-mediated hypertension.8,33,36 Since antioxidant 
with +T treatment does not influence either plasma or intrar-
enal Ang II levels, it is more likely that its ability to decrease 
hypertension relates, at least in part, to its ability to decrease 
oxidative stress directly on the vasculature. More definitive 
data measuring vascular ROS and its products, which were 
beyond the scope of the present study, will be required to 
address this issue directly.

Left Ventricular Diastolic Dysfunction
The axial heterogeneity of the aorta is well documented.37,38 

For example, the ratio of elastic fibers to collagen changes 
from 3.1:1 in the ascending aorta to 2.8:1 in the thoracic aorta 
to 0.8:1 in the abdominal aorta.39 Attenuation of the elastic 
properties of the proximal ascending aorta can have profound 
influence on end-systolic cardiac wall stress due to increased 
afterload, one of the most important factors in developing 
cardiac hypertrophy,40 hence our choice to study the ascend-
ing aorta. In addition to the geometric properties of the left 
ventricle itself, aortic stiffness influences end-systolic cardiac 

wall stress.41 Although there is no evidence of left ventricular 
hypertrophy, our echocardiographic studies were performed 
after only three weeks on the respective diets. Nevertheless, 
the reduced E/A ratio in the fructose-fed high salt rats reveals 
diastolic dysfunction which is the earliest indicator of hyper-
tensive cardiac disease and precedes frank hypertrophy or 
systolic dysfunction.42 Importantly, the diastolic impairment 
is significant despite the arterial pressure lowering effect of 
isoflurane anesthesia during the scan. Furthermore, inhibition 
of oxidative stress does not ameliorate this diastolic dysfunc-
tion despite lower arterial pressure suggesting involvement 
of alternative mechanisms. Ingestion of fructose plus high 
salt even, in the short term, in the present study results in 
mildly elevated non-fasting blood glucose and a depressed 
glucose:insulin ratio consistent with insulin resistance similar 
to human pre-diabetes. Long-term studies have unequivo-
cally demonstrated the development of left ventricular hyper-
trophy in metabolic syndrome;43 however, even prolonged 
pre-diabetes provides a constellation of physiological 
derangements that favor left ventricular remodeling in 
rats44,45 and humans.46 In fact, fructose alone, albeit at 
a higher concentration (60%), causes cardiac hypertrophy 
in mice after 10 weeks.47 Moreover, direct fructation of 
structural proteins29 or alterations in sympathetic cardiac 
innvervation48 have been associated with diastolic dysfunc-
tion. Thus, despite the lack of frank left ventricular hyper-
trophy, the presence of a pre-diabetic state and insulin 
resistance is likely also contributing to the diastolic dysfunc-
tion in the fructose plus high salt group.49

Figure 6 Glucose: insulin ratio (nM/nM x 106) in (A) the four groups of rats and (B) rats fed fructose-high salt alone or with Tempol (+T). Group designations as in Figure 2. 
Values are mean ± SE; n as indicated per group; *P < 0.05 vs other control groups; **P < 0.05 vs Fru+HS group.
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Impairment of Aortic and Renal Artery 
Compliance
Diabetes50,51 and hypertension52,53 are each indepen-
dently associated with increased PWV. The increased 
PWV along with diminished radial ascending aortic 
strain and distensibility coefficient in fructose salt- 
sensitive rats indicates that aortic compliance declines 
early with insulin resistance prior to overt diabetes. 
Greater aortic stiffness occurs with only modest (5–6 
mmHg) elevations in systolic (and mean) arterial pres-
sure in the fructose-fed high salt rats. Increases in 
PWV are typically associated with greater pulse pres-
sures. Although the change in pulse pressure was simi-
lar after three weeks of high salt, it is noteworthy that 
baseline pulse pressure in the fructose-fed high salt rats 
tended to be higher, albeit not statistically significant. 
Sympathetic innervation of the aorta is now recognized 
as a factor in aortic stiffening,54 and fructose-fed high 
salt rats display heightened renal sympathetic nerve 
activity. Renal denervation prevents the hypertension 
in this and other rodent models9,55 and ameliorates 
PWV in animal55 and human systolic hypertension.56 

The contribution of cellular metabolic changes or ion- 
induced contractility cannot be totally excluded since 
triglycerides and cumulative salt balance are elevated 
in this model.6 Thus, aortic stiffness is only partially 
dependent on blood pressure and may also be influ-
enced by biophysical changes in the structure and/or 
function of the arterial wall evoked by fructose plus 
high salt diet. Increased oxidative stress has been 
implicated in decreased aortic compliance in disease57 

as well as normal aging.58,59 The agent, 4-hydroxy- 
2,2,6,6-tetramethylpiperidine-1-oxyl, is a nonselective 
superoxide dismutase mimetic that reduces free radical 
formation and peroxynitrite formation, thereby limiting 
inflammation. Similar to findings with free radical 
scavenging in aging mice,60 our results indicate that 
attenuation of oxidative stress in fructose salt-sensitive 
rats rescues some aspects of elastic properties of the 
aorta, restoring normal PWV and radial ascending aor-
tic strain.

Like the aorta, renal artery compliance is reduced 
which is reflected by the elevated RRI in fructose-fed 
high salt rats. In contrast to the ascending aorta, renal 
artery stiffness does not improve after treatment with 
this antioxidant. Although 4-hydroxy-2,2,6,6-tetra-
methylpiperidine- 1-oxyl has been shown to decrease 

renal superoxide anion and improve renal vascular 
resistance via a nitric oxide dependent 
mechanism,33,61 RRI tracks more closely with systemic 
vascular parameters, intrinsic renal artery compliance 
and pulsatility than with intrarenal vascular 
resistance.20 This is not to say that this heightened 
pulsatility is not transmitted distally thereby ultimately 
resulting in hypertensive nephropathy and chronic kid-
ney disease. While the present hemodynamic measure-
ments have been performed in conscious, freely 
moving rats, ultrasonography necessitates isoflurane 
anesthesia. Importantly, isoflurane anesthesia does not 
alter measures of arterial stiffness.62

Conclusion
The rodent model used in these studies was chosen to 
mimic the amount of fructose and salt ingested by the 
upper fifth of the western population. Notably, impaired 
vascular compliance of the proximal ascending aorta 
and renal artery occurred after only short-term exposure 
to the fructose-high salt diet when insulin resistance but 
not frank hyperglycemia and only mild, but significantly 
elevated blood pressure ensued. The loss of vascular 
compliance results in transmission of the elevated pres-
sure wave downstream and may, thereby, predispose to 
hypertensive organ damage including nephrosclerosis. 
The presence of left ventricular diastolic dysfunction 
with preserved systolic function strongly suggests that 
a diet of fructose combined with high salt exerts an 
independent effect on left ventricular relaxation. 
Importantly, anti-oxidant treatment normalizes fructose- 
induced salt-sensitive hypertension and mitigates 
increase in aortic pulse wave velocity. These data, there-
fore, cannot distinguish whether aortic compliance is 
directly altered by reactive oxygen species induced by 
the high fructose plus high salt diet or indirectly via the 
elevation in arterial pressure or both. In contrast, left 
ventricular diastolic dysfunction and renal artery com-
pliance are not altered by the free radical scavenger 
despite the decrease in blood pressure indicating that 
alternative mechanisms are responsible. Taken together, 
these findings indicate that a diet high in fructose and 
salt may lead to subtle, possibly progressive, pathophy-
siologic changes in the central cardiovascular system 
well before frank clinical disease is apparent. Changes 
in nutritional behavior and early assessment are impera-
tive to foster cardiovascular health as we go forward.
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