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Dear Editorial Board Members:

Enclosed please find the online copy of a full manuscript entitled "Differential effects of high
consumption of fructose and glucose on mesenteric endothelial function in female rats" for your
consideration as an original research article.

All authors have read and approved its submission to the Journal of Nutritional Biochemistry.
The authors hereby declare that manuscript, or part of it, neither has been published (except in
form of abstract) nor is currently under consideration for publication elsewhere.

The basis of this study is the several epidemiological reports providing evidence that in humans,
an excessive intake of added sugars has been linked to the development of metabolic disturbances
and therefore to an increase in the risk for CVD mortality. Despite a large number of studies on
the association of consumption of excess sugar with the development of cardiometabolic disease,
there is little data on differential effects of dietary sugars on blood pressure and vascular
reactivity. In a recent report, we showed that high fructose consumption impairs aortic function
and alters metabolic parameters, including insulin signaling in liver and aorta, to a greater extent
than glucose consumption in female rat (Sangliesa et al., Am J Physiol Hear Circ Physiol
2017;312:H289-304). Nevertheless, it remains to be established whether the above-mentioned
differences in the effects of fructose and glucose are specific to large conduit arteries or whether
they are generalizable effects extending to smaller arterial beds, such as mesenteric arteries. Thus,
we aimed to determine the effects of supplementation of 20% w/v glucose or fructose in
drinking water for 8 weeks on systolic blood pressure (SBP) and mesenteric arterial
reactivity in female rats. Our data suggest that that the intake of liquid fructose or glucose
increases SBP, possibly by altering insulin signaling and vasculature function in
mesenteric arteries in female rats. Furthermore, we have shown that the mesenteric
arterial vasodilatory function was impaired in fructose-, but not glucose-supplemented
groups. The preserved vasodilatory responses in mesenteric arteries from the glucose
group could be attributed to the enhanced phosphorylation of eNOS in this group.



Please do not hesitate to contact me if you have any questions or concerns at (209) 946-2373 or
by email at rrahimian@pacific.edu. Thank you for your consideration.

Kind regards,

Roshanak Rahimian, PharmD., MSc., PhD.

Professor

Department of Physiology & Pharmacology

Thomas J. Long School of Pharmacy and Health Sciences
University of the Pacific



Highlights

e Female rats were supplemented with 20% w/v glucose or fructose for 8 weeks

e Both sugars caused insulin signalling impairment in mesenteric arteries (MA)

e Both sugars enhanced vasocontractile responses and increased iNOS expression in MA

e These effects were accompanied by increased systolic blood pressure in both groups

e Only glucose supplementation enhanced phospho-eNOS and preserved vasodilatory
responses in MA
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Abstract

We have recently shown that type of supplemented simple sugar, not merely calorie
intake, determines adverse effects on metabolism and aortic function in female rats. The
aim of the current study was to investigate and compare the effects of high consumption
of glucose and fructose on mesenteric arterial reactivity and systolic blood pressure
(SBP). Sprague-Dawley female rats were supplemented with 20% w/v glucose or
fructose in drinking water for 8 weeks. Here, we show that both sugars alter insulin
signaling in mesenteric arteries (MA), assessed by a reduction in phosphorylated Akt, and
increase SBP. Furthermore, ingestion of glucose or fructose enhances inducible nitric
oxide synthase (iNOS) expression and contractile responses to endothelin (ET-1) and
phenylephrine (PE) in MA of rats. The endothelium-dependent vasodilation (EDV) to
acetylcholine (ACh) and bradykinin (BK) as well as the relaxation responses to the nitric
oxide donor sodium nitroprusside (SNP) are impaired in MA of fructose-, but not
glucose-supplemented rats. In contrast, only glucose supplementation increases the
expression of phosphorylated endothelial NOS (eNOS) in MA of rats. In conclusion, this
study reveals that supplementation with fructose or glucose in liquid form deranges MA
insulin siganlling, enhances vasocontractile responses and increases iNOS expression in
MA, effects which are accompanied by increased SBP in those groups. On the other hand,
the preserved vasodilatory responses in MA from glucose-supplemented rats could be

attributed to the enhanced level of phosphorylated eNOS expression in this group.



1. Introduction

Over the past decade obesity and type 2 diabetes (T2D) have reached epidemic levels in
developed countries, becoming one of the most serious and challenging health problems
in the 21st century. Excessive intake of sugar-sweetened beverages has been implicated
to the development of obesity and metabolic disturbances [1,2]. Recent data provided by
the National Health and Nutritional Examination Survey show that almost half of the
USA population consumes sugar-sweetened beverages daily, with a 25% obtaining a
minimum of 200 kcal/day, and a 5% obtaining more than 576 kcal/day from these

beverages [3].

High fructose corn syrup (HFCS), which mainly consists of 55% fructose and 45%
glucose, has become a predominant sweetener in soft drinks replacing sucrose (50%
glucose and 50% fructose) in the US market. It has been suggested that fructose in 'free’
form, which is mainly present in HFCS, might be an important contributing factor for the
high incidence of obesity and cardiometabolic diseases such as diabetes than 'bound'
disaccharide form in sucrose [4]. Liquid energy intake through these sugar-sweetened
beverages (SSB) is considered to evoke weak satiety signals and incomplete

compensation for total energy compared to solid energy intake [5,6].

Fructose has unique biochemical, metabolic and endocrine responses compared to
glucose, both in experimental animal models and in humans [7-10]. However,
controversy remains whether glucose or fructose differentially impacts cardiometabolic
risk factors such as weight gain and cardiovascular disease (CVD) [10-12].

Despite a large number of studies on the association of consumption of excess sugar with



the development of cardiometabolic disease, there is little data on differential effects of
dietary sugars on blood pressure and vascular reactivity. In a recent report, we showed
that high fructose consumption impairs aortic function and alters metabolic parameters,
including insulin signaling in liver and aorta, to a greater extent than glucose
consumption in female rats [13]. Nevertheless, it remains to be established whether the
above-mentioned differences in the effects of fructose and glucose are specific to large
conduit arteries or whether they are generalizable effects extending to smaller arterial
beds, such as MA. These vessels are important for maintaining vascular tone and
regulation of blood pressure in the basal state.

Animal studies have shown an association between sugar ingestion and hypertension
development [14,15]. A number of studies have reported the development of
hypertension accompanied by insulin resistance and hyperinsulinemia in rats fed
fructose-rich diet [16], however, no differences in mean arterial blood pressure have also
been reported [17,18]. Epidemiological studies in humans also indicate a positive

association between SSB ingestion and hypertension development [19].

There is accumulating evidence showing a possible link between hypertension, insulin
resistance, and endothelial dysfunction [16,20,21]. Endothelial dysfunction is defined as
reduced endothelial-dependent vasodilation (EDV) to vasodilators such as acetylcholine
(ACh) and bradykinin (BK). EDV is used as a reproducible parameter to probe
endothelium function under pathological conditions. Impaired EDV may in part result
from either a decreased synthesis or release of endothelium-derived relaxing factors

(EDRFs), including prostacyclin (PGI2), nitric oxide (NO), and endothelium-derived



hyperpolarizing factor (EDHF), or an increased release of endothelium-derived

contracting factors such as endothelin-1 (ET-1).

Here, we studied the effects of supplementation of 20% w/v glucose or fructose in
drinking water for 8 weeks on systolic blood pressure (SBP) and mesenteric arterial
reactivity in female rats. The majority of studies in animals are performed in males [22—
24], which calls for an attention to characterize and compare the effects of dietary sugars
in females. A 8-week duration of sugar supplementation was selected to simulate
duration equivalent to 6 years of daily consumption of sugars in humans [13,25]. The
mesenteric arterial reactivity was examined by performing ACh-, BK-, and sodium
nitroprusside (SNP)-mediated relaxation. Vasoconstrictor responses to phenylephrine (PE)
and ET-1 were also obtained. Furthermore, the expression level of proteins associated
with vascular function and cellular energy homeostasis such as endothelial NO synthase
(eNOS) and inducible NO synthase (iNOS), phosphorylated and total AKT and adenosine

monophosphate activated protein kinase (AMPK) were determined.

2. Materials and methods

2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), and dissolved

in water, unless otherwise stated.

2.2. Animals and experimental design

Female Sprague-Dawley rats, aged 9—11 weeks (Simonsen Laboratories, Gilroy, CA,

USA) were maintained with water and standard rodent chow food ad libitum at constant



humidity and temperature, with a light/dark cycle of 12 h. After acclimation for 1 week,
the animals were randomly categorized into a control, a glucose-supplemented or a
fructose-supplemented group (14 rats per group). Sugars (fructose or glucose) were
supplied as a 20 % (w/v) solution in drinking water for 8§ weeks. Body weight, food and
drink intake were monitored throughout the experiment. After 8§ weeks, the rats were
fasted for 12 h and euthanized using carbon dioxide as euthanasia agent, according to the
recommendations from the 2013 AVMA Guidelines on Euthanasia and the NIH
Guidelines for the Care and Use of Laboratory Animals: Eighth Edition (US National
Institutes of Health 2011). All animal protocols were approved by the Animal Care
Committee of the University of the Pacific and complied with the Guide for the Care and
Use of Laboratory Animals: Eighth Edition (US National Institutes of Health 2011) and

with ARRIVE guidelines.

2.3. Blood/plasma analysis

Blood samples were obtained by intracardiac puncture and collected in tubes containing
anticoagulant. Plasma was obtained by centrifugation at 10,000 g for 5 min at 4°C and
stored at -80°C until used. Glucose, triglycerides, and cholesterol were measured in 12-h-
fasted rats using an Accutrend Plus System glucometer and specific test strips (Roche
Farma, Barcelona, Spain) with blood collected from the tail vein. Insulin levels, leptin
and adiponectin levels were also assessed by using ELISA kit (Mercodia, Uppsala,
Sweden) according to the manufacturer’s instructions. Insulin sensitivity index (IST) was
determined from fasting plasma glucose and insulin using the following formula:

ISI =[2/ (blood insulin (nM) x blood glucose (uM) + 1].



2.4. Blood pressure measurement

Blood pressure was measured in unanaesthetized rats by non-invasive tail cuff method as
described previously [26]. Animals were placed in restraints and heating chambers in
order to be acclimatized in a warm, quiet and dark environment for 30 min prior actual
measurement. Blood pressure (BP) was measured between 9 am and 3 pm, before sugar
supplementation and every 2 weeks throughout the study. Rats were allowed to habituate
to the procedure one week before experiments were conducted. Once the cuffs were
attached to the tail, followed by stabilization period of 5-10 minutes, readings were taken
in an interval of 5 minutes. The mean of 6 readings within range of = 5-10 mmHg was

considered the final reading.

2.5. Measurement of Mesenteric Arterial Tension

The branches of MA of second and third order were separated from veins, cleared of fatty
and adhering tissues and cut into 2 mm rings with internal diameter ranging between 250-
350 um. Each 2-mm segment was mounted between two jaws with use of tungsten wire
(40 um diameter) in organ bath of myograph (model 610M; Danish Myo Technology,
Denmark). The organ bath contained Krebs solution of (in mM) 119 NaCl, 4.7 KCl, 1.6
CaCl2, 1.2 MgS04, 1.2 KH2PO4, 25 NaHCO3, 0.023 EDTA, and 6 glucose at 37°C,
bubbled with 95% 02-5% CO2. The arterial tension was monitored with a computer-
based data acquisition system (Chart5, Powerlab; ADInstruments, Colorado Springs,
CO). The rings were normalized to a resting tension of 13.3 kPa and equilibrated for 30

min to obtain a basal tone. Arterial segments were then stimulated with 80 mM KCl



solution for a couple of times. To test the viability of the endothelium, ACh (10 puM)-
induced relaxation was recorded in PE (2 uM) pre-contracted vessels.

2.6. Relaxation Responses to ACh

Mesenteric arterial rings were contracted with PE (2 uM), which produced about 80% of
the maximal contraction. The concentration response curve (CRC) was obtained by the

addition of increasing concentrations of ACh (108 to 103 M).

2.7. Relaxation Responses to BK

The CRCs to BK were measured following the addition of increasing concentrations of
BK (1079 to 1073 M) in U46619 (9,11-dideoxy-9a,11a-methanoepoxy Prostaglandin Fy, .

100 nM) pre-contracted mesenteric rings.

2.8. Relaxation Responses to SNP

The CRCs to SNP (10 to 103 M), a NO donor, were generated in mesenteric arterial
rings pre-contracted with PE (2 uM).

2.9. Constrictor Responses to PE and ET-1

The CRCs to PE and ET-1 were obtained by the addition of increasing concentrations of
PE (108 to 3X10-3 M) or ET-1 (10-'% to 3X10-7 M) in pre-contracted MA.

2.10. Western blot analysis

Mesenteric tissue samples were micronized through freezing with liquid nitrogen and
grinded with a mortar. For total protein extraction, lysis buffer with proteases,
phosphatases and acetylases inhibitors (50 mM Tris— HCl pH=8, 150 mM NaCl, 1%

Igepal, 10mM NaF, 1 mM EDTA, ImM EGTA, 2 mM Nappi, ImM PMSF, 2 pg/mL



leupeptin, 2 pg/mL aprotinin, | mM Na;VO4, 10mM NaM, 1uM TSA) was used.
Samples were homogenized for 1.5 h at 4°C, centrifuged at 15,000xg for 15 min at 4°C
and supernatants were collected. The homogenates were kept on ice for 10 min and
centrifuged at 1000xg for 10 min at 4°C. Lysis buffer was added to the pellet obtained
and samples were incubated for 1.5 h at 4°C, centrifuged at 25,000xg for 30 min at 4°C
and supernatants were collected. Protein concentrations were determined by the Bradford

method [27].

20-30 pg of protein was subjected to SDS-polyacrylamide gel electrophoresis. Proteins
were then transferred to Immobilon polyvinylidene difluoride transfer membranes
(Millipore, Billerica, MA, USA), blocked for 1 h at room temperature with 5% non-fat
milk solution in 0.1% Tween-20-Tris-buffered saline (TBS), and incubated overnight at
4°C with primary antibodies. Detection was performed using the Pierce® ECL Western
Blotting Substrate (Thermo Scientific, Waltham, MA, USA) and Immobilion™ Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA). To confirm the
uniformity of protein loading, blots were incubated with B-actin antibodies (Sigma-
Aldrich, St. Louis, MO, USA) as a control. Primary antibodies for p-eNOS (Ser1177),
total eNOS, iNOS, p-Akt (Ser473), total Akt, p-AMPK (Thr172) and total AMPK were
supplied by Cell Signaling (Danvers, MA, USA).

2.11. RNA isolation and real-time PCR

The whole MA bed was submerged in RNAlater (Life Technologies, Carlsbad, CA)
shortly after dissection. Total RNA was extracted from MA using an RNeasy Mini Kit

with on-column DNase treatment (Qiagen, Valencia,CA). cDNA was synthesized by



reverse transcription using the Omniscript reverse transcriptase kit (Qiagen). The gene
fragments were specifically amplified with the iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA) using StepOnePlus Real-Time PCR System Thermal Cycling Block
(Applied Biosystems, Foster City, CA). Internal variations were normalized to rat
GAPDH or f actin. The following primers were used for detection of gene expression:
bkrl-Forward: 5’-CAGCGCTTAACCATAGCGGAAAT-3’, Reverse: 5’-
CCAGTTGAAACGGTTCCCGATGTT-3’, bkr2-Forward: 5’-
TTTGTCCTCAGCGTGTTCTG-3’, Reverse: 5’-TCACAAGCATCAGGAAGCAG-3’.

2.12. Statistical Analysis

The ACh- and SNP-induced relaxations were expressed as the percentage of relaxation
from maximum PE contraction at each concentration. Similarly, the recorded increase in
the force of contraction was calculated as the percentage of maximum contraction
obtained with PE at the highest dose. Statistical analyses were performed by one-way
ANOVA test, followed by Bonferroni’s or Tukey's post-hoc analysis. Comparison of
CRCs between two groups was done using two-way ANOVA, with one factor being
concentration and the others being groups (control vs. sugar- supplemented). ECs, the
concentration of the agonist which produced half of the maximum effect (E,,.x) was
calculated by a sigmoidal dose-response model (for variable slope) using GraphPad
Prism 6.01 (GraphPad Software Inc., San Diego, CA). The sensitivity of the agonists
was expressed as pD, values (-log [ECsg]), which were normally distributed. The area
under the curve (AUC) was determined using GraphPad Prism 6.01 with trapezoidal

method. Data were reported as the mean =+ standard error of the mean (SEM). Student’s



unpaired t-test was used for comparisons of two group means. A probability value of less

than 5% (P<0.05) was considered significant.

3. Results
3.1. Both glucose and fructose supplementation impair insulin signaling in MA and

increase SBP

As previously reported by us [13] and shown in the supplementary data, both fructose
and glucose (20% w/v in drinking water for 8 weeks) increased the total amount of
ingested calories, but only fructose supplementation caused hypertriglyceridemia and
increased body weight (Supplemental Table 1). On the other hand, supplementation with
glucose, but not fructose, increased plasma adiponectin level (Supplemental Table 1).
Furthermore, the insulin sensitivity index (ISI) was significantly reduced in both glucose-
and fructose-supplemented rats (Supplemental Table 1). The reduced ISI and the
impairment of insulin signaling in aortic tissue observed in our previous study [13]
prompted us to examine whether sugar supplementation caused similar effects on MA.
As shown in Fig. 1A, both fructose and glucose supplementation reduced p-Akt protein
expression levels while total Akt expression was not affected, suggesting that Akt activity

was reduced in MA of both sugar-supplemented groups.

It has been proposed that fructose-induced insulin resistance and hyperinsulinemia can
lead to hypertension [16]. We, therefore, measured blood pressure in sugar-supplemented
rats throughout the intervention period. The changes in SBP are shown in Figures 1B&C.

As assessed by the 2-way ANOVA analysis, only simple sugar supplementation



(p<0.0001), but not time (p=0.243), significantly increased SBP. SBP is elevated in
glucose-supplemented rats as early as the 2™ week, and the 4" week in the fructose-
supplemented group (Figure 1B). Both sugars similarly increased the AUC for the SBP

for the entire supplementation period (Figure 1C).

3.2. Supplementation with fructose but not glucose impairs EDV in MA

The EDV was determined by assessing the relaxation responses to ACh (10-3-10-> M) and
BK 10°-10-> M) (Figures 2A and B, respectively). There was a significant rightward shift
in the ACh relaxation responses in MA of fructose-supplemented rats compared with the
control rats (Figure 2A). As shown in Table 1, the pD2 to ACh was decreased
significantly only in fructose-supplemented rats. Moreover, the E,.x to BK was
significantly reduced in the fructose, but not glucose group when compared to control rats
(0.42-fold, Table 1). To investigate a mechanism by which the relaxation to BK might
have been affected in the MA of fructose-supplemented rats, the mRNA expression of
BK receptors (bkrl and bkr2) was assessed. As shown in Figure 2C&D, the mRNA
expression of bkrl receptors was significantly lower in MA from fructose-supplemented
rats compared with controls; the expression of bkr2 showed a similar pattern, but the

reduction induced by fructose supplementation did not reach statistical significance.

3.3. Fructose supplementation impairs relaxation response to SNP in MA

Although the CRC to the NO donor SNP (10-°-10- M) in mesenteric arterial rings tended
to shift to the right in both fructose and glucose-supplemented groups (Figure 3), the

sensitivity of MA to SNP as assessed by -log[EC50] (pD2) was similar in all groups



(Table 2). The maximal response to SNP (E,.x), however, was significantly reduced in
the fructose-, but not in the glucose-supplemented group compared with controls (0.6-

fold, Table 2).

3.4. Both sugars enhance contractile responses in MA

To examine whether simple sugar supplementation affect the responses to contractile
agents, CRCs to PE (107 to 3X10-3 M) or ET-1 (10-'° to 107 M) were generated in rat
mesenteric arterial rings (Figures 4A and B). The maximal responses (tension,,,) to both
contractile agents in the arteries of glucose- and fructose-supplemented rats were higher
than those in controls (Table 3). However, the sensitivity to PE or ET-1 was not changed

in either group.

3.5. Differential effects of fructose and glucose supplementation on mesenteric

arterial expression of eNOS and iNOS

To study potential underlying mechanisms that could explain the differences in responses
of MA taken from glucose- and fructose-supplemented rats, the expression of eNOS, p-
eNOS and iNOS were measured by Western blot analysis. As shown in Figure 5A,
although total eNOS expression was not modified by sugar supplementation, p-eNOS
levels were significantly elevated in MA taken from glucose-, but not fructose-
supplemented rats compared with those seen in the MA from controls (7.8-fold increase).
We also determined the expression of total and phosphorylated adenosine
monophosphate activated protein kinase (AMPK). As shown in Figure 5B, there is a

trend towards a higher level of phosphorylated, active AMPK protein in the glucose



group, although it did not reach statistical significance. On the other hand, iNOS
expression was increased in the MA of both fructose- and glucose-supplemented groups

(1.4 and 1.5-fold, respectively, Figure 5C).

4. Discussion

A number of studies have examined the influence of excessive sugar consumption on
blood pressure in different animal models, however, the results have been inconsistent
[16—19], and the underlying mechanisms involved are not fully elucidated. Here, we
show that the ingestion of simple sugars (glucose or fructose) in liquid form for 8 weeks
alters insulin signaling in MA, and increases SBP in female rats. The contractile
responses and iNOS protein expression are also increased in MA taken from both sugar-
supplemented groups. However, only fructose-supplementation impairs mesenteric
arterial endothelial vasodilatory function. This differential effect could be attributed to
the increased p-eNOS expression in MA of glucose-, but not fructose-supplemented
animals.

Several studies have shown that feeding rats a solid diet containing 60-66% of fructose
for 4-8 weeks causes hypertension [28-32]. However, when fructose is provided as a
sweetened beverage, the major source of fructose consumption in humans, the
hypertensive effect is not always observed. In a recent report, Sousa et al showed that
supplementation with 10% w/v fructose for 6 weeks did not alter SBP in Wistar rats
[33]. Similarly, Gordish et al found that SBP was not altered after 2 weeks of 20%
fructose supplementation in Sprague-Dawley rats [34]. Both reports, as the majority of

the studies on the effects of high fructose diets in rodents, have been performed on male



rats, while in our study we used females. Female animals are underrepresented in
preclinical studies, although the metabolic alterations and the mechanisms involved may
differ in males and females. We previously reported that female rats supplemented with
liquid fructose for 2 weeks displayed glucose intolerance and insulin resistance, effects
that were not observed in males [35]. Here, we show that fructose- or glucose-
supplementation in liquid form impair insulin signaling, as assessed by reduced Akt
phosphorylation in MA of these female rats. Along similar lines, we recently reported an
impairment of insulin signaling in aorta and liver of sugar- supplemented female rats
[13]. In contrast to studies performed on male rats [33,34], in the current study the
impairment in insulin signaling was accompanied with a significant increase in SBP in
female rats. The fact that insulin signaling was affected by fructose or glucose
supplementation suggests that the insulin resistance may in part contribute to the elevated
blood pressure in both sugar- supplemented groups. Insulin resistance has been proposed
as one of the mechanisms by which fructose increases blood pressure [16,36].
Furthermore, our results suggest that the decreased insulin sensitivity and the increase in
SBP are not specific to fructose consumption, but extending to excessive simple sugar
consumption.

Endothelial dysfunction may be an underlying mechanism which links insulin resistance
and hypertension [16,37]. Our data show that EDV was impaired in the rats
supplemented with fructose, but not glucose, as assessed by rightward shift in the CRC to
ACh or reduction of E;.c to BK in MA of this group (Figure 2). This excludes
endothelial dysfunction as a sole cause of the increased blood pressure, since it did not

occur in MA of glucose supplemented rats. These data are, in part, consistent with our



recent report demonstrating impaired aortic responses to BK in fructose, but not glucose-
supplemented female rats [13]. To identify possible changes in receptor level, we
measured the expression level of bradykinin receptors. The decrease of mesenteric bkr/
expression levels in fructose-supplemented rats may in part explain the significant
reduction of maximum response to BK as well as the ACh shift to the right which was
observed only in this group. Previously published data demonstrated that impaired
vascular response to ACh is also present in BK-1"" mice [38]. Both bkrl and bkr2
receptors are located in the endothelium and in vascular smooth muscle cells [39,40].
Loiola et al. [38] demonstrated that deletion of these receptors impairs EDV by reducing
NO bioavailability, which may occur via reduced eNOS enzymatic activity or increased
NO inactivation. Miatello et al. showed that eNOS activity decreases in mesenteric
vasculature isolated from fructose-fed rats [41]. Here, we did not assess enzymatic eNOS
activity, but we measured the expression of the active, phosphorylated form of eNOS at
Ser1177 in MA. Our data show that p-eNOS expression was not altered in the fructose-
supplemented group, suggesting that in our experimental model, the vascular effects of
fructose cannot be attributed to reduced eNOS activation. Although the eNOS protein or
activity was not changed in MA of fructose-supplemented rats, our data reveals the
elevation of iNOS in MA of both glucose and fructose groups. Along similar lines, Sousa
et al. [33] observed no changes in eNOS, but an elevation of iNOS in mesenteric vascular
bed of male rats following 6 weeks high fructose intake. Any increase in NO production
resulting from iINOS has the potential for free radical-mediated damage, particularly
under conditions of oxidative stress where peroxynitrate is formed more easily [42].

Increased vascular iNOS activity and/or protein expression have been also described in



hypertension [43,44]. Thus, the elevated iNOS could in part contribute to increased blood

pressure in sugar-supplemented female rats.

On the other hand, we showed that p-eNOS levels were significantly increased in MA
from glucose-supplemented rats, an effect that was also observed in our earlier studies in
the aortic vasculature and was attributed to the hyperadiponectinemia caused by glucose
supplementation [13]. In the same study, we showed that the in vitro incubation of
endothelial cells with adiponectin increases cellular NO levels, however, this effect was
absent when cells where incubated with only fructose or glucose solution [13]. It has
been shown that adiponectin stimulates eNOS activity via increasing AMPK
phosphorylation [45]. In our study, glucose- but not fructose-supplemented female rats
exhibit elevated plasma adiponectin levels (Supplemental Table 1) along with a tendency
to increase the phosphorylation of AMPK in MA (Fig 5A), leading to a significant
increase in p-eNOS in these tissues (Figure 5B). Taken together, our results suggest a
specific role of adiponectin/AMPK/eNOS axis in mediating the vascular effect of
glucose. It is important to note that this mechanism did not protect the glucose-
supplemented rats from increased blood pressure; however, our data suggest that an
increased NO resulting from p-eNOS may in part contribute to preserved responses to

ACh and BK in MA from glucose-supplemented rats.

Vascular dysfunction in metabolic syndrome may also be associated with an increased
vasoconstrictor sensitivity, through an enhanced release of contracting factors or a
decreased sensitivity of smooth muscle to NO [29]. In the current study, we show that the

contractile responses to PE and ET-1 were enhanced in MA of either glucose- or



fructose-supplemented groups (Figure 4). These results are in accordance with
observations of Sousa et al, who showed that high fructose intake increased
norepinephrine-induced vasoconstriction in MA of male rats [33]. However, our data are
in contrast with studies by Navarro-Cid et al. [46] and Iyer et al. [30] showing no
differences in the vasoconstrictor responses to PE in MA from fructose-fed male rats. The
source of these discrepancies may be related to the duration of exposure, concentration

and form of sugar-supplementation or the sex of animals used.

Verma et al. [47] have shown that the ET-1 content in rat MA was higher when fed with
66% fructose diet compared to control rats. This increased ET-1 is thought to arise from
fructose-induced hyperinsulinemia, since insulin has been shown to stimulate the
production and secretion of ET-1 in vitro and in vivo [48,49]. In the current study, we did
not directly measure ET-1 (or any other contracting factors), but observed increased
response to ET-1 in both fructose- and glucose-supplemented groups. This enhanced
response may further contribute to increased blood pressure that is detected in both sugar-
supplemented rats. Accordingly, Verma et al reported that the treatment with bosentan —
a dual ET4 and ETg receptor blocker — reduced the hypertension in fructose-fed rats [47].
Finally, the fact that the SNP-induced relaxation was affected only by fructose
supplementation suggests that the decreased smooth muscle response to NO may in part

contribute to the increased contractile responsiveness in this group (Fig. 3).

In conclusion, we have demonstrated that the intake of liquid fructose or glucose
increases SBP, possibly by altering insulin signaling and vasculature function in MA in

female rats. Particularly, the enhanced contractile responsiveness and iNOS expression in



MA might be involved in the rise in blood pressure in both glucose- and fructose-
supplemented groups. Furthermore, we have shown that the mesenteric arterial
vasodilatory function was impaired in fructose-, but not glucose-supplemented groups.
The preserved vasodilatory responses in MA from the glucose group, in part, could be
attributed to the higher level of adiponectin and subsequent enhanced phosphorylation of
eNOS in this group. Clearly, the relevance of the present results to understanding how
dietary sugar affects vascular system needs further investigation, and it should be
discussed with regard to the experimental model (animal studies), type of vascular bed,

and sex among other factors.
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Figure captions

Fig. 1. (A) Western blot of phospho- and total Akt in mesenteric arterial samples

obtained from control, glucose and fructose-supplemented rats. Representative bands



corresponding to three different rats in each group are shown; bar plots show the level of
the phosphorylated protein expressed as the mean (a.u.) + SEM of the values obtained
from 4-5 animals. *P<0.05 vs control, analyzed by one-way ANOVA followed by
Sidak’s post hoc multiple comparison test. (B) Changes in systolic blood pressure (SBP)
expressed as the mean + SEM of the values obtained from 8 rats/group. $ P<0.05 and $$
P<0.01 glucose vs control, # P<0.05 and ## P<0.01 fructose vs control, analyzed by 2-
way ANOVA followed by Tukey’s post hoc multiple comparison test. (C) Area under the
curve (AUC) for SBP values reported in Fig. 1B. ** P<0.01 vs control, analyzed by one-

way ANOVA followed by Sidak’s post hoc multiple comparison test.

Fig. 2. Relaxation response to cumulative concentrations of ACh (A) and BK (B) in
intact mesenteric arterial rings precontracted with PE (2 uM) and U46619 (100 nM) from
control, glucose- or fructose-supplemented rats. Data are expressed as the mean =+ SEM
from 5-8 animals/group. # P<0.05 fructose vs control, analyzed by 2-way ANOVA
followed by Tukey’s post hoc multiple comparison test. mRNA levels of bkrl (C) and
bkr2 (D) receptors in mesenteric arteries from control, glucose- and fructose-
supplemented rats. Each bar represents the mean + SEM of values obtained from n=8
animals. *P <0.05 versus control. One-way ANOVA followed by Sidak’s post hoc

multiple comparison test.

Fig. 3. Relaxation response to cumulative concentrations of SNP in intact mesenteric
arterial rings precontracted with PE (2 uM) from control, glucose- or fructose-

supplemented rats. Data are expressed as the mean £ SEM from 7 animals/group. $



P<0.05 glucose vs control, # P<0.05 fructose vs control, analyzed by 2-way ANOVA

followed by Tukey’s post hoc multiple comparison test.

Fig. 4. Concentration-response curves to PE (A) and ET-1 (B) in in intact mesenteric
arterial rings MA from control, glucose- or fructose-supplemented rats. Data are
expressed as the mean £ SEM from 5-7 animals/group. $ P<0.05 glucose vs control, #
P<0.05 fructose vs control, analyzed by 2-way ANOVA followed by Tukey’s post hoc

multiple comparison test.

Fig. 5. Western blot of phospho- and total e-NOS (A), AMPK (B) and iNOS (C) in
mesenteric arterial samples obtained from control, glucose and fructose-supplemented
rats. Representative bands corresponding to three different rats in each group are shown;
bar plots show the level of the proteins expressed as the mean (a.u.) £ SEM of the values
obtained from 4-5 animals. *P<0.05 vs control, analyzed by one-way ANOVA followed

by Sidak’s post hoc multiple comparison test.
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Table 1. Sensitivity (pD,) and maximum response (Ep,x) to acetylcholine (Ach) and
bradykinin (BK) in mesenteric arteries from control, glucose and fructose-supplemented
rats

pD2 E max (%)
Ach Control 7.71 £0.25 99.0+0.8
Glucose 7.25+0.11 992+03
Fructose 6.92 £0.23* 91.6+£4.9
BK Control 5.77+0.48 67.0+9.1
Glucose 6.09 £ 0.62 52.0+£10.8
Fructose 418 +2.31 28.2+11.0*

Data are expressed as mean = SEM. "P<0.05, one-way ANOVA test followed by
Sidak’s post hoc multiple comparison test.



Table 2. Sensitivity (pD,) and maximum response (E;.x) to sodium nitroprusside (SNP)
in mesenteric arteries from control, glucose and fructose-supplemented rats

pD2 E max (%)
SNP Control 7.50+0.30 84.4+3.6
Glucose 7.15+0.17 68.6+9.1

Fructose 6.99 +£0.27 52.6 £ 7.0%*

Data are expressed as mean = SEM. **P<0.01, one-way ANOVA test followed by
Sidak’s post hoc multiple comparison test.



Table 3. Sensitivity (pD,) and maximum tension (Tension,,,,) to phenylephrine (PE)
and endothelin-1 (ET-1) in mesenteric arteries from control, glucose and fructose-
supplemented rats

pD2 Tension max
PE Control 6.41 £0.16 11.73 £ 0.62
Glucose 6.89+0.17 16.70 + 1.43*
Fructose 6.76 + 0.09 15.09 + 1.22%*
ET-1 Control 8.87+0.16 7.76 +£0.90
Glucose 9.12+0.20 14.70 £ 2.07*
Fructose 8.96 + 0.07 12.75+1.79*

Data are expressed as mean = SEM. *P<0.05 (vs control) analyzed using one-way
ANOVA test followed by Sidak’s post hoc multiple comparison test.



Supplemental Table 1. The effect of two months supplementation of 20% glucose or
fructose on calorie intake, body weight and metabolic parameters in female rats

Control Glucose Fructose

Total ingested kcal 2642 + 59 4736 + 158" 4116 £ 129™
(2 rats x 2 months)?

Final body weight 239.1+3.9 245.1+£5.5 2549 +59°
Blood triglycerides (mg/dl) 116.1 +£3.9 125.7+2.8 144.4 £ 13.17
Plasma adiponectin (pg/ml) 2258424 5842 +5.0° 2648 +£2.5
Plasma insulin (mg/dl) 0.67£0.13 1.24 £0.24 1.64 +£0.35"
Blood glucose (mg/dl) 101.7+5.1 112.7+5.9 109.7 £ 6.0
ISI 1.23+£0.02 0.88+0.03" 0.76 = 0.02"

AAUC: Area Under the Curve. ISI: Insulin Sensitivity Index, calculated as [2/(blood
insulin (nM) x blood glucose (uM) + 1]. Values are expressed as mean + SEM of 14
rats/group “p<0.05, Control #p<0.05 vs glucose-supplemented rats, analyzed using
Student’s unpaired t-test. This table is also reported in (Sanguesa et al. 2016).



