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Abstract

Proximal tubule fructose metabolism is key to fructose-induced hypertension,
but the roles of sex and stress are unclear. We hypothesized that females are re-
sistant to the salt-sensitive hypertension caused by low amounts of dietary fruc-
tose compared to males and that the magnitude of the increase in blood pressure
(BP) depends, in part, on amplification of the stress response of renal sympa-
thetic nerves. We measured systolic BP (SBP) in rats fed high salt with either
no sugar (HS), 20% glucose (GHS) or 20% fructose (FHS) in the drinking water
for 7-8days. FHS increased SBP in both males (A22+9mmHg; p <0.046) and
females (A16+3mmHg; p<0.0007), while neither GHS nor HS alone induced
changes in SBP in either sex. The FHS-induced increase in SBP as measured by
telemetry in the absence of added stress (8 +2mmHg) was significantly lower
than that measured by plethysmography (24 + 5mmHg) (p<0.014). However,
when BP was measured by telemetry simulating the stress of plethysmography,
the increase in SBP was significantly greater (15+3mmHg) than under low
stress (8 +1 mmHg) (p<0.014). Moderate-stress also increased telemetric dias-
tolic (p <0.006) and mean BP (p <0.006) compared to low-stress in FHS-fed ani-
mals. Norepinephrine excretion was greater in FHS-fed rats than HS-fed animals
(Male: 6.4+1.7 vs.1.8 +0.4 nmole/kg/day; p<0.02. Female 54 +18 vs. 1.2+0.6;
p<0.02). We conclude that fructose-induced salt-sensitive hypertension is simi-
lar in males and females unlike other forms of hypertension, and the increase in
blood pressure depends in part on an augmented response of the sympathetic
nervous system to stress.
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1 | INTRODUCTION

Dietary fructose consumption in the United States is
currently nearly 20-fold greater than it was in 1970
(Hallfrisch, 1990; Marriott et al., 2009). Clinical and basic
science studies have linked the consumption of fructose,
primarily as high fructose corn syrup, to many pathologies
including kidney failure (Gersch et al., 2007; Nakayama
etal., 2010; Sanchez-Lozada et al., 2007) and hypertension
(Hwang et al., 1987; Jalal et al., 2010; Nguyen et al., 2009),
especially salt-sensitive hypertension (Brown et al., 2011;
Nishimoto et al., 2002; Sechi, 1999). The last of these is
likely exacerbated by the fact that salt consumption has
also increased by about 50% over this period (Briefel &
Johnson, 2004).

Blood pressure per se and the incidence of hyperten-
sion are well known to depend on sex. Men generally
have higher blood pressures than women (Mozaffarian
et al., 2016) and men are also more likely than women
to develop hypertension (Mills et al., 2020). Fructose-
induced salt-sensitive hypertension has been reported
to depend on either an activated renin-angiotensin-
aldosterone system (RAS) or exaggerated responses to
angiotensin II (Farah et al., 2007; Gonzalez-Vicente
et al., 2017, 2018; Navarro-Cid et al., 1995). Males are sig-
nificantly more sensitive to the hypertensive actions of
angiotensin II than females (Brown et al., 2012; Gillis &
Sullivan, 2016; Sampson et al., 2008; Shukri et al., 2018;
Xue et al., 2005; Zimmerman & Sullivan, 2013). However,
whether fructose-induced salt-sensitive hypertension is
greater in males than females is unknown.

The effects of low to moderate amounts of dietary
fructose on blood pressure are somewhat controversial
in experimental models because the blood pressure re-
sponse to fructose is variable (Madero et al., 2011), with
increases ranging from 4 (Abdulla et al., 2012) to greater
than 20mmHg (Di Verniero et al., 2008; El-Bassossy &
Shaltout, 2015). The explanation for this is unclear but it
may largely depend on differences in sympathetic nerve
activation. The effects of dietary fructose on blood pres-
sure are known to involve sympathetic nerve activity (Di
Verniero et al., 2008; Komnenov et al., 2019; Soncrant
et al., 2018; Valensi, 2005; Verma et al., 1999) and differ-
ences in sympathetic activity have been proposed as an ex-
planation for the disparate results of the effects of fructose
on blood pressure (Madero et al., 2011).

Variability in sympathetic nerve activation may re-
sult from differences in the method of blood pressure
measurement and/or environmental stressors between
studies. Previously, it was shown that careful measure-
ment of blood pressure by tethered catheters yielded
larger increases in blood pressure than those measured
by telemetry. Given that in both methods, blood pressure

was measured via catheters placed in the aorta, the au-
thors concluded that the differences were caused by the
additional stress, and thus sympathetic activation, caused
by the tethered catheters themselves (King et al., 2006).
Despite these conclusions, the effect of stress per se on
fructose-induced salt-sensitive hypertension has not been
directly investigated. Also, the combined effects of stress
and dietary fructose on urinary norepinephrine excretion,
a measure of sympathetic tone, remains unknown.

We hypothesized that females are resistant to the salt-
sensitive hypertension caused by low amounts of dietary
fructose compared to males and that the magnitude of the
increase in blood pressure depends, in part, on amplifi-
cation of the stress response of renal sympathetic nerves.

2 | METHODS

2.1 | Animals

All protocols involving animals were approved by the
Case Western Reserve University Institutional Animal
Care and Use Committee. Sprague-Dawley rats were
purchased from Charles River breeding laboratories. Rats
were fed a standard rodent diet (Prolab Isopro RMH 3000)
for basal measurements upon arrival in the animal care
facility. This diet contained 0.70% NaCl, 5.0% fiber, 30.4%
starch and 60% of caloric content from carbohydrates.
After baseline measurements were completed, the stand-
ard rodent diet was switched to a high-salt diet (4% NaCl;
TestDiet #9GDV) with either tap water (high salt alone),
20% glucose (glucose/high salt) or 20% fructose (fructose/
high salt) in the drinking water for 7-8days. Test Diet
#9GDV contained 3.67% NaCl, 4.3% fiber, 15% sucrose,
and 55.6% of caloric content coming from carbohydrates.
Male and female 6- to 10-week-old rats were used for this
study. Stage of estrus cycle was not considered in female
rats.

2.2 | Blood pressure by plethysmography
Systolic blood pressure was recorded by tail plethys-
mography using a CODA Non-invasive Blood Pressure
System (Kent Scientific Corporation) in male and female
rats using methods similar to those we used previously
(Gonzalez-Vicente et al., 2017; Hong et al., 2021). Rats
were trained three times the week prior to the begin-
ning of the experiment while on a standard rodent diet.
For this, animals were moved on a cart from the hous-
ing room to the plethysmography equipment room where
blood pressure was measured, and returned immediately
after training was complete. Measurements were made
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in a “quiet” room used only for plethysmography blood
pressure measurements for this study. No other investiga-
tors used this room for any purpose. Training consisted of
placing rats in the restraint used for actual measurements,
putting the plethysmography cuff on the tail, and laying
rats on a heating pad for 10-15min. The cuff was inflated
as it would be during actual experiments but the data were
not recorded. After 2-3 training sessions and a baseline
measurement, animals were randomly split into differ-
ent groups and the standard rodent diet was changed to
either high salt alone, glucose/high salt or fructose/high
salt. Then systolic blood pressure was measured and re-
corded every 2-3 days for an additional 7-8 days. Changes
in systolic blood pressure were calculated by subtracting
the baseline systolic blood pressure on day 0 from the sys-
tolic blood pressure at the end of the experiment.

2.3 | Blood pressure by telemetry

Systolic blood pressure was measured by telemetry in male
rats as we have previously reported (Cabral et al., 2014).
Briefly, rats were anesthetized with isoflurane (4% induc-
tion and 2% maintenance) and an incision was made in
the left leg to expose the femoral artery. A catheter was
placed in the artery and threaded to the aorta. A pocket
was made under the skin on the left flank and the telem-
etry probe (Data Sciences International, Model HDX-10)
was inserted. The wound was closed and rats were al-
lowed to recover for 3days prior to the beginning of the
experiment.

Blood pressure was measured by telemetry using two
different protocols considered “low stress” and “moder-
ate stress”. For “moderate stress”, we used a protocol that
mimicked that used to measure blood pressure by pleth-
ysmography. In brief, rats were housed in the general rat
room with the animals of other investigators. To mea-
sure blood pressure, rats were moved on a cart from the
rat housing room to a quiet room used to measure blood
pressure by telemetry. Animals were trained for 2 consec-
utive days and baseline blood pressure was recorded on
the 3rd day. Then the diet was changed from a standard
rodent diet to fructose/high salt, and blood pressure re-
corded every other day for 7-8 days. After blood pressure
was measured, they were returned to the general housing
room. Due to the transport of rats between two different
rooms, the animals in this protocol were considered to be
under “moderate stress”.

In the “low stress” protocol, systolic blood pressures
were measured in the same room where rats were housed.
Thus, a key difference with the “moderate stress” is that
animals were not moved on a cart before and after mea-
surements; thus, systolic blood pressure was measured
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without disturbing the animals. In addition, to test
whether there was an effect of the room in which the rats
were housed (general housing vs. dedicated room) rats
were either housed in the general rat room or in the room
in which systolic blood pressure was measured under the
“moderate stress” protocol. Basal blood pressure was re-
corded on 2 consecutive days. Then diets were changed to
fructose/high salt, and blood pressure was recorded every
other day for 7-8 days. Both basal and fructose-induced in-
creases in systolic blood pressure were similar in all “low
stress” rats regardless of housing location, so the results
were pooled.

2.4 | Urinary norepinephrine excretion
Rats were housed in the general rat room and fed either
high salt or high salt/fructose for 6-7 days. Then they were
placed in metabolic cages while the appropriate diet was
maintained. Urine was collected on dry ice for 24 h. Frozen
urine samples were stored at —80°C until assayed. On
the day of the assay most samples were thawed in warm
water and measured directly. Some samples were diluted
1:1 with Tris-buffered saline because the concentra-
tion of norepinephrine was out of range when measured
without dilution. The composition of the Tris-buffered
saline used to dilute the samples was (in mmol/L): 132
NaCl, 40 Tris, 11.2 glucose, 4.2 KCI, 2 CaCl,, 0.7 MgCl,,
pH 7.0. Norepinephrine was measured using continuous
flow, fast scanning cyclic voltammetry by methods we
previously reported (Chan et al., 2020). Urinary norepi-
nephrine excretion was calculated based on the concen-
tration of norepinephrine in an aliquot of the urine, the
aliquot size, the total volume of urine excreted in 24 hrs
and rat weight. Norepinephrine excretion was expressed
as nmole/kg/day.

2.5 | Statistics

Data are reported in the text as mean =+ standard error of
the mean, and plotted as either mean + standard error of
the mean or as box and whisker plots showing quartiles.
Differences between means were analyzed using paired or
unpaired ¢-test as appropriate. p values <0.05 were consid-
ered significant.

3 | RESULTS

We first measured the effect of fructose/high salt on sys-
tolic blood pressure compared to glucose/high salt as
measured by plethysmography in male Sprague-Dawley
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FIGURE 1 Effect of 7days of fructose/high salt (FHS), glucose/
high salt (GHS) and high salt alone (HS) on systolic blood pressure
in male Sprague-Dawley rats as measured by plethysmography.

(a) Effect of FHS (n = 6, p <0.046). (b) Effect of GHS (n = 6, ns). C:
Effect of HS (n = 5, ns). Basal: Blood pressure while on a standard
rodent diet, before switching to either FHS, GHS or HS diets. Data
were analyzed by paired ¢-test.

rats (Figure 1). In the fructose/high salt group systolic
blood pressure was 119+ 5 when animals were on the
standard rodent diet and 141 + 4 mmHg (n = 6) after 7days
on the fructose/high salt diet, an increase of 22+9mmHg
(Figure 1a; p<0.046). In the glucose/high salt group blood
pressure was 117 + 5mmHg when rats were on the stand-
ard rodent diet and 121 +6mmHg (n = 6) after 7days
on the glucose/high salt diet (Figure 1b; A 5+3mmHg).
Finally, we tested whether high salt alone altered systolic
blood pressure. On the standard rodent diet, systolic blood
pressure was 117+ 6 mmHg and it was 121 + 3mmHg on
high salt alone (Figure 1c; n = 5). Because the glucose/
high salt diet and high salt alone did not increase blood
pressure, male rats were fed high salt alone in subsequent
protocols as the control.

We next studied systolic blood pressure in fe-
male Sprague-Dawley rats (Figure 2). Fructose/high
salt increased systolic blood pressure from 114+4 to
130+ 3mmHg in females (Figure 2a; n = 8; p<0.0007).
After 7days on Glucose/high salt diet, systolic blood pres-
sure on females was 139+9mmHg, not significantly dif-
ferent from the baseline (Figure 2b; n = 6). Interestingly
the batch of female rats we fed Glucose/high salt, had a
baseline systolic blood pressure of 136+7mmHg while
on standard rodent diet. Finally, we tested whether high
salt alone altered systolic blood pressure. On the standard
rodent diet systolic blood pressure was 128 +2mmHg and
it was 127 + 3mmHg after 7days on the high salt diet, not
significantly different (Figure 2c; n = 6). Because the glu-
cose/high salt diet and high salt alone did not increase
blood pressure, female rats were fed high salt alone in
subsequent protocols as the control.

To study whether there were sex differences in the re-
sponse of systolic blood pressure to the fructose/high salt
diet, we compared the change in systolic blood pressures
in male and female rats (Figure 3). The data for female rats
is from Figure 2a. Fructose/high salt increased systolic
blood pressure by 24 +6 (n = 6; p<0.01) and 16+ 3mmHg
(n=8;p<0.001) in males and females, respectively. These
values were not significantly different.

In all of the above experiments, blood pressure was
measured by plethysmography, which is moderately
stressful for the rats. Stress has been suggested to be im-
portant in fructose-induced hypertension due to activa-
tion of sympathetic nerves (Madero et al., 2011) but this

(@ 180

150

-

N

o
1

60-

Systolic BP (mm Hg)

p < 0.046

160

=y

N

o
1

80

40

Systolic BP (mm Hg)

basal FHS

©
160-

120+

80

Systolic BP (mm Hg)

basal GHS

basal HS



BROSTEK ET AL. . . 50f11
§é£§2e‘t'¥ ) Physiological Reports
(a) 160~ p < 0.0007 FIGURE 2 Effect of 7days of fructose/high salt (FHS), glucose/

high salt (GHS) and high salt alone (HS) on systolic blood pressure
in female Sprague-Dawley rats as measured by plethysmography.
® (a) Effect of FHS (n = 8, p<0.0007). (b) Effect of GHS (n = 6,
ns). (c) Effect of HS (n = 6, ns). Basal: Blood pressure while on a
Q standard rodent diet, before switching to either FHS, GHS or HS
diets. Data were analyzed by paired t-test.

=N

N

o
1

Systolic BP (mm Hg)

40
o Rid
% 30
o] =
S g 207 °®
2E ¢ .
o i °
] E 10 J_ oo
basal FHS o
male female
(®) 450+
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§, has not been directly tested. Thus, we next tested whether
O o0 measurements of blood pressure by plethysmography and
% telemetry differed, and whether that difference was due to
S s0- stress in male Sprague-Dawley rats.
k7 The systolic blood pressures measured by plethysmog-
u>)’ raphy (moderate stress) in male rats from the combined
30+ data in Figures 1 and 3 show that fructose/high salt in-
creased blood pressure by 24 +5mmHg (n = 12). In con-
0 trast, when blood pressure was measured by telemetry
basal GHS allowing the rats to remain undisturbed in their cages
(low stress), fructose/high salt raised blood pressure by
(c) 160 only 8 + 2mmHg (n = 14). This increase was significantly

lower than the increase measured by plethysmography
(Figure 4; p<0.014).

g To test whether the difference seen in Figure 4 was
120- O 8 due to stress per se, we measured the effect of fructose/
high salt on systolic, diastolic and mean blood pressure
by telemetry under low and moderate stress conditions
as described in the Methods Section. In these experi-
ments, stress was the independent variable. Under low
stress conditions, fructose/high salt increased systolic
blood pressure in males by 8 + 1 mmHg (n = 20). In con-
trast, the increase in systolic blood pressure caused by
fructose/high salt under moderate stress conditions in
males was 15+3mmHg (n = 6), significantly greater
than the increase caused when systolic blood pressure
0 was measured under low stress conditions (Figure 5a;
basal HS p<0.014). Under low stress conditions, fructose/high
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systolic blood pressure (SBP) in male Sprague-Dawley rats as stress stress
measured by plethysmography (plethysmog) and telemetry. The
increase in systolic blood pressure was greater when measured (b)
by plethysmography (n = 12) compared to telemetry (n = 14) as o 20- p<0.006
analyzed by unpaired t-test (p <0.004). m -!

(@)

c 15
salt increased diastolic blood pressure in males by )
4+1mmHg (n = 20). In contrast, the increase in dia- 8’ S b °
stolic blood pressure caused by fructose/high salt under _(c“ T 101 °
moderate stress conditions in males was 11 +3mmHg _g & KA
(n = 6), significantly greater than the increase caused o é 54 o0
when diastolic blood pressure was measured under low .g T;_;T
stress conditions (Figure 5b; p <0.006). Under low stress £ oA ole
conditions, fructose/high salt increased mean blood (:{:)
pressure in males by 6+ 1 mmHg (n = 20). In contrast, L low moderate
the increase in mean blood pressure caused by fructose/ -5-  stress stress
high salt under moderate stress conditions in males was ©
12+3mmHg (n = 6), significantly greater than the in- a b <0.006
crease caused when mean blood pressure was measured “C:’ 207 —
under low stress conditions (Figure 5c; p < 0.006). s W

Since fructose-induced increases in systolic blood pres- = 154
sure in males correlated with stress and this diet increased £ oo °
systolic blood pressure to a similar extent in females, qg’;% °
we measured urinary norepinephrine excretion by male S < 10
and female Sprague-Dawley rats under moderate stress g £
conditions, i.e., conditions mimicking measurement of 8 oo
blood pressure by plethysmography (Figure 6). Urinary 3 51 Lo e
norepinephrine excretion primarily reflects activation of :7_) A
renal sympathetic nerves (Lappe et al., 1982; Osborn & T N :I:
Foss, 2017). Male rats on fructose/high salt (n = 11) ex- L low moderate
stress stress

creted 6.4+ 1.7 nmole/kg/day of norepinephrine. In con-
trast, male controls (n = 11) excreted 1.8 +0.4 nmole/Kg/
day; a significantly lower amount (Figure 6b; p<0.02).
Norepinephrine excretion was also significantly greater
(Figure 6¢; n = 6; p<0.02) in female rats fed fructose/high
salt: 54+18nmole/kg/day, compared to female rats fed
high salt alone: 1.2+ 0.6 nmole/kg/day.

Finally, to test whether the fructose/high salt diet in-
creased sympathetic regulation of the heart, we measured
the effect of the fructose/high salt diet on heart rate in
males (Figure 7). Basal heart rate in male rats was 352 + 18

FIGURE 5 Change in blood pressure caused by 7days of

a fructose/high salt diet (FHS) in male Sprague-Dawley rats
subjected to low (n = 20) and moderate stress (n = 6) as measured
by telemetry. (a) Systolic blood pressure (SBP), (b) Diastolic blood
pressure (DBP), and (c) Mean arterial pressure (mean BP). Data
were analyzed by unpaired ¢-test.

beats/min. Seven days after rats were on the fructose/high
salt diet it was 374 + 14 beats/min, not significantly differ-
ent (n = 6).
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£ F 1001 We found that moderate amounts of fructose in combi-
ke} . . . L
35 nation with a high salt diet increased blood pressure by
=
_g T 757 © 15-20mmHg while the same amount of glucose with
S g a high salt diet, or high salt alone had no significant ef-
@ - :
£ 501 fect in 7days. These data show that fructose induces salt-
a2 vt . . e
o sensitive hypertension. The sensitivity of blood pressure
S . -
P 254 hd to salt induced by moderate fructose consumption was
| similar in male and female rats. In addition, the combi-
0- #“high FHS nation of fructose and high salt increased blood pressure
salt when rats were subjected to moderate stress, but the effect

FIGURE 6 Effects of fructose/high salt on urinary
norepinephrine (NE) excretion. (a) Representative trace from
continuous flow, fast scanning cyclic voltammetry of urine from
arat on high salt and then fructose/high salt. (b) Urinary NE
excretion in male animals fed fructose/high salt (FHS; n = 11)
compared to high salt alone (n = 11). (c) Urinary NE excretion in
female animals fed fructose/high salt (FHS; n = 6) compared to
high salt alone (n = 6). Urinary NE concentration in 24 h urine was
normalized by rat weight and expressed as nmole/kg/day. Data
were analyzed by unpaired ¢-test.

4 | DISCUSSION

We hypothesized that females are resistant to the salt-
sensitive hypertension caused by low amounts of dietary

was significantly diminished when stress was low. Finally,
consumption of fructose in combination with high salt in-
creased urinary norepinephrine excretion in both sexes
compared to high salt alone.

Here we found that a diet of 20% fructose in the drinking
water and 4% NacCl caused hypertension within 7days in
male and female rats. This amount of fructose is compara-
ble to that consumed by more than 17 million Americans.
The data reported here are consistent with reports we
(Cabral et al., 2014; Gonzalez-Vicente et al., 2018) and
others (Gordish et al., 2017; Zenner et al., 2018) have pre-
viously published. However, in our earlier studies we did
not investigate whether fructose induces salt-sensitive hy-
pertension in female rats. One might expect that the blood
pressure response in male and female rats would differ be-
cause fructose-induced hypertension has been shown to
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depend on an activated RAS (Farah et al., 2007; Navarro-
Cid et al., 1995) and females are more resistant to the
pro-hypertensive actions of Ang II than are males (Brown
et al., 2012; Gillis & Sullivan, 2016; Sampson et al., 2008;
Shukri et al., 2018; Xue et al.,, 2005; Zimmerman &
Sullivan, 2013). In contrast to this supposition, we found
that fructose/high salt increased blood pressure to a simi-
lar extent in males and females.

Our results differ from those of Galipeau and coworkers
(Galipeau et al., 2002). These investigators reported that
female rats were protected from fructose-induced changes
in blood pressure. The explanation for the disparate re-
sults likely lies in the models. Our rats consumed 20%
fructose in the drinking water plus high salt for 1week,
a model that does not cause changes in body weight, gly-
caemia or insulinaemia (Gonzalez-Vicente et al., 2018),
while Galipeau et al. (2002) used a well-established model
of metabolic syndrome for 9weeks. In the model used by
Galipeau et al (2002), rats are fed a diet in which basically
all carbohydrates are replaced by fructose to a content of
60% by weight, representing 60%-70% of the caloric in-
take. In contrast, only 20%-30% of their caloric intake in
our model is fructose, which more closely reflects fructose
consumption by a large number of Americans.

The effects of fructose on blood pressure have been
studied for many years, and yet the literature is incon-
sistent (Madero et al., 2011). There are many reports
(Abdulla et al., 2012; Dai & McNeill, 1995; Gordish
et al., 2017; Miatello et al., 2005; Soncrant et al., 2018;
Vasdev et al., 2010; Zenner et al., 2018) including our
own (Cabral et al., 2014; Gonzalez-Vicente et al., 2018)
showing that low to moderate amounts of fructose rang-
ing between 10% and 30% of caloric intake increase blood
pressure, and/or cause salt-sensitive hypertension. This
can occur without increases in plasma glucose, insulin
resistance or plasma lipids (Gonzalez-Vicente et al., 2017,
2018; Gordish et al., 2017). Previously, we postulated that
the effect of fructose on blood pressure was dependent
on at least three variables: amount of fructose in the diet;
amount of salt in the diet; and time (Gonzalez-Vicente
et al., 2018). However, the method of blood pressure mea-
surement may also affect the results. Thus, we compared
plethysmography versus telemetry as means of recording
the effects of dietary fructose and salt on blood pressure.
We found that when measured by plethysmography, fruc-
tose/high salt increased blood pressure about twice as
much than when blood pressure was measured by telem-
etry without disturbing the rats. We concluded the data
were, in fact, accurate and sought a physiological explana-
tion for these results.

Plethysmography causes stress in rats in a manner
that telemetric measurement of blood pressure does not.
Specifically, rats have to be transferred to a different room,

removed from their cages, restrained, and subjected to heat
and tactile stimuli. Additionally, the magnitude of the in-
crease in blood pressure caused by angiotensin II has been
reported to depend on the amount of stress induced by
the method of measurement (King et al., 2006). Although
the literature suggests that stress is an important factor
(Madero et al., 2011), this has not been directly tested.
Here we found that fructose-induced salt-sensitivity of
blood pressure was exacerbated by a moderate amount of
stress as is caused by measuring blood pressure by pleth-
ysmography. These findings were verified by measuring
blood pressure using telemetry and subjecting rats to low
and moderate amounts of stress; the latter similar to that
caused by recording pressure by plethysmography.

These experiments were designed to evaluate the effect
of stress, as an independent variable, on blood pressure.
The moderate stress received by the fructose/high-salt
group was of the same magnitude as the one received
by the glucose/high-salt and high-salt alone groups
in Figure 1b,c. As glucose/high-salt or high-salt alone
showed no increase in blood pressure, there was no ratio-
nale to evaluate the effect of reducing stress in the blood
pressure response to diet. Thus, we did not test the effect
of stress as an independent variable on blood pressure in
rats fed glucose/high salt or high salt alone.

Our data suggest that stress contributes to fructose-
induced salt-sensitive hypertension. To further investigate
this effect, we measured urinary norepinephrine excretion
in rats on high salt alone and fructose/high salt that had
been subjected to a moderate amount of stress. We found
that rats on fructose/high salt excreted significantly more
norepinephrine than rats on salt alone. These data indi-
cate that dietary fructose amplifies the sympathetic re-
sponse, especially of renal nerves, to stress.

To investigate whether a fructose/high salt diet alters
sympathetic innervation to all organs or the kidneys selec-
tively, we measured heart rates in male rats fed fructose/
high salt. We found that the fructose/high salt diet did
not significantly alter heart rate. As fructose/high salt in-
creased systolic blood pressure, one would have expected
heart rate to decrease all things being equal; this was not
the case. There are several possible explanations for the
data. First is that the increase in systolic blood pressure
was not sufficient to reduce heart rate. Second, activation
of cardiac sympathetic nerves may have prevented the
decrease. Finally, a decrease in parasympathetic activity
caused by fructose/high salt may have augmented heart
rate even in the face of an increase in blood pressure. The
latter possibilities are supported by data showing that in-
creases in plasma fructose alter brain activity and metab-
olism (Cigliano et al., 2018; Cisternas et al., 2015; Farah
et al., 2006; Purnell et al., 2011). While resolution of this
issue deserves further investigation, it is well beyond the
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scope of the current work. We did not study the effect of
fructose/high salt on heart rate in female rats because the
increase in blood pressure and increase in norepinephrine
excretion caused by the fructose/high salt diet was not sig-
nificantly different between males and females.

Our results show an important role for stress and
sympathetic response in fructose-induced salt-sensitive
hypertension. They are supported by data showing that
renal denervation blunts the elevation in blood pressure
(Soncrant et al., 2018). However, in that study, all rats were
subjected to the same level of stress and stress was not
an independent variable. Others have also reported that
fructose-induced changes in blood pressure correlated
with stress (Madero et al., 2011) and urinary excretion of
norepinephrine (Kamide et al., 2002) but did not directly
test this hypothesis by using stress as an independent vari-
able. Our results may explain why some investigators have
found that dietary fructose is detrimental while others
have not in terms of blood pressure and renal function in
the absence of metabolic syndrome.

The regulation of renal function by sympathetic
nerves is complex. Sympathetic nerves innervate the
renal vasculature and many nephron segments including
proximal tubules, thick ascending limbs and collecting
ducts (Osborn & Foss, 2017). Additionally, at least five
different adrenergic receptors are expressed in the kidney
(Meister et al., 1994; Michel et al., 1993). Some tissues
express more than one receptor (Plato, 2001; Snavely &
Insel, 1982). Study of the specific receptor(s) involved in
fructose-induced salt-sensitive hypertension is further
complicated by the fact that use of receptor antagonists
would have systemic effects outside the kidneys, which
would seriously confound interpretation of the data.
Although it is an important question as to which renal
adrenergic receptor(s) are involved in the prohyperten-
sive/salt-retaining effects of dietary fructose, the exper-
iments required for such a study are well beyond the
scope of the present work.

Our conclusion that fructose-induced salt-sensitive
hypertension is dependent on four variables: amount of
fructose in the diet; amount of salt in the diet; the dura-
tion of special diets; and now stress or sympathetic tone
is not unique to this model. Furthermore, the new finding
that stress is important should serve warning that there
are likely many variables that contribute to the develop-
ment of hypertension that are poorly understood, and
thus poorly controlled.

The literature supports the hypothesis that both acti-
vation of the RAS and sympathetic nerves are important
for the development of fructose-induced hypertension.
However, it is currently unclear which comes first be-
cause no studies address this issue. Additionally, in-
creased sympathetic tone has been shown to stimulate
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renin release (DiBona, 2000) and elevated angiotensin
IT enhances sympathetic nerve activity (DiBona, 2003;
Rossi et al., 2010).

In summary, we have found that salt-sensitive hyper-
tension caused by dietary fructose afflicts males and fe-
males similarly and the magnitude of the increase in
blood pressure is related to the level of stress. Given that
the amount of fructose used in this study is similar to that
consumed by people, our results suggest a cause for the
prevalence of hypertension in general, and salt-sensitivity
in particular, in the US population.
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