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Effects of a Diet High in Salt, Fat, and Sugar
on Telemetric Blood Pressure Measurements in
Conscious, Unrestrained Adult Yucatan Miniature
Swine (Sus scrofa)

Semone B Myrie," Leslie L McKnight,' J Christopher King,” John ] McGuire,” Bruce N Van Vliet,”> and Robert F Bertolo'”

Radiotelemetry was used to evaluate diet-related elevation of blood pressure in adult Yucatan miniature swine. Systolic arterial
blood pressure (SAP), diastolic atrial blood pressure (DAP), heart rate, and locomotor activity were assessed in 9- or 11-mo-old
Yucatan miniature pigs fed a standard diet or a North American-type diet high in salt, fat, and sugar (HSFS). Compared with pigs
fed standard diet, pigs fed HSFS diet showed markedly elevated SAP (132 + 3 compared with 156 + 6 mm Hg), whereas DAP was
unchanged (92 + 2 compared with 99 + 5 mm Hg). In addition, all pigs were modestly sensitive to short-term changes in dietary
salt, as indicated by a 6% to 7% response in blood pressure parameters. According to these data, the increase in SAP for pigs on the
HSFS diet was too large to be explained by the NaCl content of the diet alone. We found no evidence of endothelial dysfunction,
and the relaxation responses of isolated coronary arteries actually were enhanced in the HSFS group. In conclusion, in a Yucatan
miniature pigs model chronically fed a HSFS diet, DAP did not increase, but SAP and pulse pressure appeared to be affected by
high dietary levels of fat or sugar (or both).

Abbreviations: BP, blood pressure; DAP, diastolic arterial pressure; HSFS diet, diet high in salt, fat, and sugar; MAP, mean arterial

pressure; SAP, systolic arterial pressure.

Dietary factors have prominent effects on cardiovascular pa-
rameters, including blood pressure (BP), a major risk factor for
cardiovascular disease and mortality.>"* BP often is sodium-sen-
sitive, rising and falling with the level of dietary salt intake,'® and
high dietary intakes of various fats and sugars have been associ-
ated with hypertension.®* In addition, dietary factors can di-
rectly affect the vasculature, with increased intakes of NaCl, fats,
and sugars each being linked with endothelial dysfunction.*12?!

The factors that contribute to hypertension most often are
studied by using rodent models. However, swine are an excel-
lent animal model to study these factors, including diet-induced
hypertension, because of the similarities in cardiovascular struc-
ture and function between swine and humans. For instance, like
humans,' pigs” are susceptible to developing hypertension in
response to high dietary intake of sodium. Swine are increas-
ingly being used in cardiovascular research overall 8192432343643
Although radiotelemetry is a preferred method for measurement
of hemodynamics, only a few studies have incorporated this ap-
proach in assessing BP in swine. In the present study, our main
objective was to use telemetry to evaluate BP, heart rate, and ac-
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tivity level in Yucatan miniature swine under normal and un-
healthy dietary conditions (short-term exposure to high dietary
salt and long-term exposure to a diet high in salt, fat, and sugar
[HSFS diets]). A secondary objective was to use isolated coronary
arteries from these swine to investigate the concurrent effects of
these diets on endothelium-mediated vascular reactivity as an
index of early changes to the health of the coronary circulation.

Materials and Methods

The study population comprised 12 Yucatan miniature pigs (6
females and 6 noncastrated males) from the Memorial Univer-
sity swineherd. This herd is Brucellosis-free, Pseudorabies-negative,
and vaccinated against Erysipelothrix rhusiopathiae; pigs also were
tested and found negative for Bordetella bronchiseptica, Coryne-
bacteria kutscheri, Haemophilus spp., Klebsiella oxytoca, Klebsiella
pneumoniae, Pasteurella spp., Pseudomonas aeruginosa, Streptococcus,
Listeria monocytogenes, Salmonella, Clostridium, and Campylobacter.
All animal procedures were approved by Memorial University of
Newfoundland Animal Care Committee in accordance with the
guidelines of the Canadian Council on Animal Care.’ At 4 wk old,
the pigs were weaned from the sow, and 6 of the pigs (3 female
and 3 male) were fed a standard pig grower diet (Figure 1). The
pigs were housed with 2 of their siblings of the same sex (these
siblings were not used in the present study) but were separated
from them for 5 h daily (1200 to 1700) for ad libitum feeding and
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Blood pressure by telemetry in Yucatan pigs

Standard diet HSFS diet
Low salt High salt Low salt High salt
Energy distribution (% total energy)
Carbohydrates 67 67 40 40
Complex 67 67 30 30
Sugar S — 10 10
Fat 12 12 50 50
Protein 21 21 10 10
Ingredients (g/kg dry matter)
Wheat shorts 400.5 400.5 264.3 264.3
Canola 49.0 49.0 323 323
Meat meal 19.0 19.0 12.5 125
Limestone 13.0 13.0 8.6 8.6
Corn gluten feed 40.0 40.0 26.4 264
Ground barley 297.0 297.0 196.0 196.0
Oats 175.0 175.0 115.5 115.5
Vitamin mix 0.8 0.8 0.5 0.5
Mineral mix 1.0 1.0 0.7 0.7
Lard — — 150.0 150.0
Margarine — —_ 50.0 50.0
Sugar - — 100.0 100.0
Sodium chloride 4.7 40.0 4.7 40.0

Figure 1. Composition of the diets used in the current study. Standard diet contained approximately 2900 kcal digestible energy/kg and 154 g protein/
kg. HSFS diet (3230 kcal digestible energy/kg and 131 g protein/kg) was made by adding lard, hydrogenated margarine, granulated sugar, and NaCl

to ground standard pig grower diet.

quantification of daily feed intake by individual pigs. All ani-
mals had 24-h ad libitum water access and were maintained on a
12:12-h light:dark cycle (lights on, 0700 to 1900) in a temperature-
controlled (20 to 22 °C) environment. At approximately 9 mo of
age (body weight [mean + SEM], 69.2 + 2.6 kg), the first group of
pigs underwent surgery for implantation of telemeter and blood
sampling catheters. The second group of 6 pigs (3 female and 3
male) followed the same protocol as outlined above, except these
pigs were weaned onto HSFS diet (Figure 1) at 4 wk of age. The
HSFS diet was made by adding NaCl (40 g/kg; Windsor Table
Salt, The Canadian Salt Company, Pointe Claire, Quebec, Cana-
da), hydrogenated margarine (50 g/kg; Central Dairies, St John's,
Canada), lard (150 g/kg; Loblaw, Toronto, Ontario, Canada) and
granulated sugar (100 g/kg; Lantic, Montreal, Quebec, Canada)
to ground standard pig grower diet, thus providing 50% of caloric
intake from fat, 40% from carbohydrate, and 10% from protein.

Because of the higher energy density of the HSFS diet (Fig-
ure 1) and because pigs eat only enough to meet their energy
requirements,” this group consumed less diet overall and less
protein in particular, which restricted their growth. As a result, to
match final body weights, HSFS pigs underwent surgery at ap-
proximately 11 mo old (body weight, 69.7 + 5.4 kg) instead of at 9
mo of age, as for pigs on standard diet.

Telemetry and catheter implantation. At approximately 9 mo
(standard diet) or approximately 11 (HSFS diet) mo of age, pigs
underwent surgical implantation of an arterial BP telemeter (TA-
11PA-D70; Data Sciences International, St Paul, MN) and blood
sampling catheters. Anesthesia was induced with ketamine (22
mg/kg IM) and xylazine (2 mg/kg IM) and maintained with
1.0% to 1.5% halothane and 3:2 oxygen:nitrous oxide mixture.
The BP telemeter body was implanted subcutaneously in the in-
ner hindlimb, with the telemeter catheter inserted 10 cm into the
left femoral artery. This investigation was part of a larger series
of studies; therefore, 2 blood sampling catheters (inner diameter,
1.0 mm; outer diameter, 1.8 mm; Tygon Medical Tubing, Saint

Gobain Performance Plastics, Akron, OH) were inserted into the
left femoral vein, tunnelled under the skin, and exteriorized be-
tween the shoulder blades. Pigs were housed individually after
surgery.

Pigs were given trimethoprim and sulfadoxine (40 and 20
mg/mL, respectively; total dose, 0.07 mL/kg IV; Borgal, Inter-
vet, Whitby, Ontario, Canada) during the first 2 d after surgery
and buprenorphrine hydrochloride (300 ug; Temgesic, Schering—
Plough, Hertfordshire, UK) immediately and 1 d after surgery.
Adequacy of analgesia was determined by monitoring behavior
(that is, absence of ‘guarding,” active in environment). General
recovery was assessed by daily monitoring of body temperature
and food intake. The 5-h daily feeding regimen described earlier
was reestablished the day after surgery. Typically food intake had
returned to presurgery levels by 3 d after surgery. As part of the
larger series of studies conducted, these pigs were also tested for
intravenous glucose tolerance, insulin sensitivity, and fat toler-
ance; no more than 50 mL blood per test was withdrawn during
these 3 tests over 5 d. BP recording began 2 d after fat tolerance
testing, so that all pigs were allowed at least 8 d of recovery from
surgery before any BP recordings.

Telemetry system. Telemetry equipment (Data Sciences Interna-
tional) was set up to monitor hemodynamics and spontaneous lo-
comotor activity in the pigs. The BP telemeter signal was received
by a network of 6 receivers (RLA1020) positioned 3 on either side
of the holding pen (1.9 m x 1.2 m X 2.0 m). The strongest signal
was selected by a multiplexer (RMX10) and passed to an analog
adapter (R11CPA), which provided a calibrated voltage output
after correcting for atmospheric pressure using an ambient pres-
sure monitor (APR-1). The calibrated signal was then recorded
using a computerized data acquisition system and processed as
previously described.” Pressure calibrations of the telemeters
were assessed before implantation and after removal, and correc-
tions were made to the data for any deviation from the original
factory calibration.® The BP signal was sampled for 10 s at 30-s
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intervals, and systolic, diastolic, and mean arterial BP (SAP, DAP,
and MAP, respectively) and heart rate during this sample period
were computed and stored for offline analysis. Locomotor activ-
ity data were derived from the activity signal reported by the
telemetry equipment and were expressed in arbitrary units, with
0 corresponding to inactivity.

Salt challenge protocols. After at least 8 d of recovery from sur-
gery, BP was recorded continuously for 48 h. After the 48-h base-
line BP recordings, the pigs on the standard pig grower diet (0.5%
NaCl) were placed on a high-salt (4.5% NaCl) version of the diet
for 7 d, with continuous BP recordings during the last 48 h. After
this 48-h recording period, the pigs were returned to standard pig
grower diet (0.5% NaCl) for 5 to 7 d until necropsy.

After the 48-h baseline BP recordings while the pigs were on
the HSFS diet (4.5% NaCl), they were challenged with a low-salt
(0.5% NaCl) version of the HSFS diet for 7 d, with continuous
recording of BP during the last 48 h. After the recording session,
the pigs returned to HSFS (4.5% NaCl) diet for 5 to 7 d until
Necropsy.

Hemodynamic data analysis. A modified version of the Micro-
soft Excel 2000 template (HdStats; www.med.mun.ca/Medicine/
Faculty/Van-Vliet,-Bruce.aspx) was used for routine analysis of
24-h telemetry data sets. We also computed several indices of lo-
comotor activity including: (1) the mean value of the raw activity
signal (arbitrary units), (2) the mean value of activity for values of
activity greater than 0 (arbitrary units; an index of the intensity
of activity when pigs were active), (3) the mean of the logarithm
of activity values greater than 0 (similar to no. 2, but data were
log-transformed to normalize the otherwise highly skewed distri-
bution of values), and (4) inactive time, calculated as the percent-
age of raw activity values that were 0. Furthermore, we computed
the mean values for BP and heart rate that were associated with
sustained periods of activity and inactivity. For these calculations,
we included only data for which the activity signal was consis-
tently greater than O for at least 3 consecutive samples (sustained
activity) or for which the value was 0 for at least 3 consecutive
samples (sustained inactivity).

Circadian variations in BP were not analyzed due to the po-
tential for posture-dependent artifacts, a potential limitation as-
sociated with BP measurements made in large animals by using
fluid-filled catheters. Changes in the posture of pigs from the
standing to lying position were associated with as much as a
10-cm change in the elevation of the telemeter catheter tip relative
to the telemeter body, resulting in a posture-dependent pressure
artifact of as much as 8 mm Hg (pressure lower when standing).
Although this artifact is modest, it is similar in magnitude to an-
ticipated circadian variations of BP. Therefore, we conservatively
chose to forego analysis of day and night values of BP or other
circadian indices. We expect that this posture-dependent artifact
has a negligible effect on 24-h BP averages (effects of standing
and lying tending to cancel, with any residual effect being small
and consistent across treatment groups) and lacks any influence
whatsoever on heart rate and activity data.

Necropsy. Approximately 5 to 7 d after salt challenge, pigs were
anesthetized with sodium pentobarbital (105 mg/kg IV; Eutha-
nyl, Biomeda-MTC, Cambridge, Ontario, Canada), ventilated,
and maintained with 0.5% to 1% halothane in oxygen. The pigs
were euthanized by exsanguination after removal of the liver.

Biochemical and histologic analyses. Plasma glucose concentra-
tions were measured by analyzer (Rapid Lab 865; Bayer Diag-
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nostics, Toronto, Canada); porcine insulin concentrations were
evaluated by radioimmunoassay (coefficients of variation: in-
traassay, 7%; interassay, 9%; Linco Research, St Charles, MO).
We used gross anatomic staining with Sudan IV to assess fatty
streak formation within the pig aorta.'® Briefly, at necropsy, the
entire intact aorta (that is, from the ascending aorta to the abdom-
inal aorta) was removed, rinsed with saline, trimmed of arteries,
opened longitudinally along the ventral surface, pinned flat, and
fixed with neutral-buffered formalin (10% v/v). After fixation, to
determine whether atherosclerotic lesions were present, the intact
aorta was stained with Herxheimer solution (5 mg/mL Sudan IV
Red in 70% [v/v] ethyl alcohol and acetone [1:1, v/v]) and then
rinsed with 70% (v/v) ethyl alcohol.

Coronary artery isometric tension measurements. At necropsy,
whole hearts were removed from pigs and placed in ice-cooled
Krebs physiologic salt solution (114 mM NaCl, 4.7 mM KCl, 0.8
mMKH,PO,, 1.2 mM MgCl,, 2.5 mM CaCl,, 25 mM NaHCO, and
11 mM p-glucose), which was aerated with a mixture of 95% O,
and 5% CO,. Left anterior descending coronary arteries were iso-
lated from whole hearts and cut into 4 to 8 rings that were 1 to 2
mm in length. Coronary artery rings were mounted on 200-um
diameter hooks in myograph chambers (DMT 610M, 620M) con-
taining Krebs physiologic salt solution (pH 7.4) at 37 °C. Under
isometric conditions, the initial resting tensions of artery rings
were set to 90% of the internal circumference estimated to pro-
duce wall stress equivalent to 13.3 kPa (100 mm Hg). After a 1-h
equilibration period, tissue viability was tested by addition of
high K*-containing, osmotic balanced Krebs solution (Na* substi-
tuted with equimolar amounts of K*).® Arteries having contrac-
tions greater than 2 mN per millimeter passed the test. Artery
rings were contracted submaximally by using the thromboxane
receptor agonist U46619 and then exposed to increasing cumula-
tive concentrations of bradykinin (0.001 nM to 3 uM).® Relaxation
is reported as the reversal of the contractions by U46619; 100%
represents complete reversal of tension.

Statistical analyses. Data were analyzed by using Prism 4
(GraphPad Software, San Diego, CA) and are reported as mean *
SEM. Growth data were analyzed by using 2-way repeated-mea-
sures ANOVA, accounting for treatment and time effects, with
Bonferroni posthoc tests. To account for potential sex-associated
differences, we analyzed the hemodynamic data by using 2-way
ANOVA, in which the dependent variables included diet, sex,
and the interaction between the 2. However, this analysis indicat-
ed no significant sex effects for any parameter. As a result, hemo-
dynamic parameters were analyzed by using one-way ANOVA.
Responses to salt challenge and within-groups comparisons be-
tween values obtained during the light and dark phases were
analyzed by using paired ¢ tests. Linear regression analysis was
used to assess whether age was associated with hemodynamic
parameters. For blood vessel data, bradykinin concentration—
relaxation relationships for each pig were determined in replicate
(2 to 4 rings). The maximal response, pD, value (negative loga-
rithm base 10 of the molar concentration of drug needed for 50%
of maximum effect), and hill slope were determined by fitting a
sigmoidal dose-response curve to the averaged data points for
relaxations compared with bradykinin concentration from each
group. An F test was used to determine whether the variables
(pD,, hill slope, maximal response) describing the best-fit curves
(r* > 0.90) were the same between the 2 groups. Pearson correla-
tions were performed to assess relationships between some of the
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variables. Statistical significance was set at a P value of less than
0.05 for all analyses.

Results

Animal performance. Both groups (1 = 6; 3 male, 3 female) of
Yucatan minipigs were similar in mean birth weight (standard
diet group, 1.00 + 0.07 kg; HSFS diet group, 1.01 £ 0.05 kg; P =
0.830) and weaning weight (standard, 6.04 + 0.49 kg; HSFS, 5.82
+0.30 kg; P = 0.714). However, the pigs on the HSFS diet grew
at a slower rate than did the control pigs (Figure 2); that is, be-
cause of the higher energy density and higher energy-to-protein
ratio of the diet, HSFS-fed pigs consumed less protein and grew
slower (Figure 2), particularly between 1 to 4 mo of age, than
did standard-fed pigs. Average relative feed intake was lower
in HSFS pigs between 1 and 4 mo old (standard, 46.6 +1.2 g/kg
body weight/d; HSFS, 42.5 + 1.1 g/kg body weight/d; P < 0.05)
but not between 4 and 7 mo old (standard, 27.4 = 0.9 g/kg body
weight/d; HSFS, 27.0 + 0.4 g/kg body weight/d) or from 7 mo to
necropsy (standard, 21.6 + 0.6 g/kg body weight/d; HSFS: 21.6 +
0.7 g/kg body weight/d). Therefore, the HSFS group was main-
tained on the diet 2 mo longer before hemodynamic recordings,
and body weights at surgery (standard: 69.15 +2.62 kg, 9 mo old;
HSFS: 69.67 +5.39 kg, 11 mo old; P = 0.932) and at necropsy (stan-
dard: 72.20 +2.62 kg, 10 mo old; HSFS: 72.72 + 4.44 kg, 12 mo old;
P =0.922) were similar between groups. Moreover, at the end of
the study, relative backfat thickness (dorsal midline, caudal to the
last rib), a measure of subcutaneous fat deposition, was similar
between groups (standard, 0.85 + 0.08 mm backfat per kilogram
body weight; HSFS, 0.86 + 0.06 mm backfat per kilogram body
weight; P = 0.811). Therefore, body weight was not a confound-
ing factor in this study, thereby supporting direct comparison of
dietary factors between the standard and HSFS diets.

We did not observe any gross evidence of aortic atherosclero-
sis (fatty streak) formation in any of the pigs (data not shown).
Fasting plasma glucose (standard, 5.4 + 0.3 mmol/L; HSFS, 5.8 +
0.1 mmol/L; P = 0.34) and insulin (standard, 10.1 £ 1.7 pnU/mL;
HSFS, 14.0 £ 1.6 uU/mL; P = 0.12) concentrations were not differ-
ent between groups.

Circadian hemodynamics and locomotor activity in Yucatan
miniature pigs. Yucatan miniature pigs exhibited circadian varia-
tion in heart rate and locomotor activity (Figure 3), with both vari-
ables being significantly (P < 0.05) lower during the dark phase
of the 24-h period (Table 1). Furthermore, regardless of diet, heart
rate values and activity levels were greater during light compared
with dark phases. For instance, pigs fed the standard diets had
8% to 10% higher heart rate (P < 0.05) and approximately 80% to
83% higher mean activity (P < 0.05) during the day than during
the night. Similarly, pigs fed the HSFS diets had 5% to 9% higher
heart rate and approximately 72% higher mean activity during
the daytime compared with night. Overall, heart rate and activ-
ity tended to rise and fall in parallel and were highly correlated
(Pearson r = 0.74, P = 0.009). Circadian variations in BP were not
analyzed due to the potential for posture-dependent artifacts (see
Materials and Methods).

Hemodynamic indices and sodium sensitivity. Comparison of
BP parameters in Yucatan miniature pigs chronically fed a con-
trol diet (standard grower diet, 0.5% NaCl) compared with HSFS
diet (4.5% NaCl) revealed that SAP was markedly elevated (by
24 mm Hg; P = 0.013) in pigs fed the HSFS diet. However, the ten-
dency toward increased DAP (by 7 mm Hg) was not significant

Blood pressure by telemetry in Yucatan pigs

Body weight (kg)

L) LJ
0o 1 2 3 4 5 6 7 8 9 10 11 12

Time (mo)

Figure 2. Growth (kg; mean + SEM, n = 6 pigs per group) over time for
Yucatan miniature swine on standard grower pig diet (Std) compared
with those fed a diet high in salt, fat, and sugar (HSFS). Differences (*, P
<0.05; §, P < 0.001) between dietary treatments were assessed by 2-way
repeated-measures ANOVA with Bonferroni posthoc tests.
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Figure 3. Representative 24-h recordings of heart rate (beats per min)
and locomotor activity in a representative individual Yucatan miniature
swine on standard grower pig diet. Day (lights son, 0700 to 1900) is rep-
resented by the unshaded section of graphs; night (lights off, 1900 to
0700) is represented by the shaded sections.

(P = 0.229; Table 2). To assess whether hemodynamic parameters
were affected by age (in days) at this stage of development, linear
regression analyses of data from the control pigs were performed.
However, no significant correlations with age were noted for any
of the parameters (P > 0.22).

The NaCl content of the diets clearly affected several hemody-
namic indices (Figure 4). All pigs were moderately salt-sensitive
(P <0.05), as indicated by a 6% to 7% change in BP when the
salt content of the diets was switched from 0.5% to 4.5% NaCl or
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Table 1. Circadian heart rate and locomotor activity (mean + SEM; n = 6 pigs) in adult Yucatan miniature pigs

Dark period Light period Dark - light pa
Standard diet

0.5% NaCl, long-term® Heart rate (beats/min) 8214 90+2 -8+3 0.047

Inactive time (%) 935+22 709+4.1 22.6+4.7 0.005

Activity (arbitrary units) 0.5+0.2 2.6£0.7 -21%0.7 0.025

Activity >0 (arbitrary units) 171+£3.2 23.6+29 -6.6£3.9 0.155

108 iy 0 1.17 £0.08 1.27 +£0.04 ~0.09 £0.08 0.308

4.5% NaCl, short-term® Heart rate (beats/min) 76+23 84+4 -9+2 0.008
Inactive time (%) 942+09 69.1+25 251422 <0.0001

Activity (arbitrary units) 0.5+0.1 3.0+05 -25+05 0.004

Activity > 0 (arbitrary units) 20.5+3.1 252+34 -47+24 0.109

108, 4yity >0 1.25+0.05 1.26 +0.06 -0.01+0.05 0.835

HSEFS diet

4.5% NaCl, long-term® Heart rate (beats/min) 86+2 95+1 -8+2 0.003

Inactive time (%) 91.1+19 67.8+3.8 23.3+3.6 0.001

Activity (arbitrary units) 09+0.2 32+08 -23%0.7 0.019

Activity > 0 (arbitrary units) 202+3.7 253+2.0 -51+£23 0.081

108, ity >0 1.21+0.06 1.29+0.03 -0.08 +0.04 0.067

0.5% NaCl, short-term® Heart rate (beats/min) 86+4 91+3 -5+2 0.090

Inactive time (%) 92.6£2.0 714129 212+27 0.001

Activity (arbitrary units) 0.6+0.2 25+0.3 -1.8+£0.3 0.002

Activity > 0 (arbitrary units) 164+27 235+23 -71+33 0.081

108 i 50 1.15+0.07 1.25+0.03 -0.09 +0.06 0.179

aSignificant (P < 0.05) differences between values for dark and light periods within dietary treatments were assessed by paired f test.
"Long-term feeding regimens were 9 mo for standard diet and 11 mo for HSFS diet. Short-term feeding regimens were 7 d for both diets.

Table 2. Summary of 24-h basic hemodynamic parameters (mean + SEM; n = 6 pigs per group) for adult Yucatan miniature pigs fed a postweaning
standard grower diet or HSFS diet

Standard diet HSFS diet p?
Systolic arterial pressure (mm Hg) 132+£3 156 £ 6 0.013
Mean arterial pressure (mm Hg) 11+2 125+5 0.035
Diastolic arterial pressure (mm Hg) 92+2 99+5 0.229
Pulse pressure (mm Hg) 40+3 57+2 0.005
Heart rate (beats/min) 862 91+2 0.109
Activity (arbitrary units) 1.6%03 21+05 0.486

Standard diet (0.5% NaCl) was fed for 9 mo after weaning; HSFS diet (4.5% NaCl) was fed for 11 mo after weaning.
Significant (P < 0.05) differences between dietary treatments were assessed by one-way ANOVA.

vice versa (Figure 4). The magnitude of the responses to the salt
content of the diets was similar between groups (P > 0.05). The
acute high-salt challenge for the pigs on standard diet resulted
in increases of 9 + 3 mm Hg and 6 £ 2 mm Hg in SAP and DAP
values, respectively. Similarly, the acute low-salt intervention in
the pigs on HSFS diet resulted in decreases of 10 = 3 mm Hg and
7 £3 mm Hg in SAP and DAP, respectively.

The average DAP in pigs fed the 0.5% NaCl HSFS diet for 7
d was 92 + 3 mm Hg, similar to that in pigs chronically fed the
0.5% NaCl standard diet (that is, 92 + 2 mm Hg). In contrast,
although SAP and MAP were decreased by lowering the NaCl
content from 4.5% to 0.5%, SAP remained approximately 14 to
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15 mm Hg higher in HSFS-fed pigs than in those fed standard
diet, regardless of the dietary NaCl content. This persistent dif-
ference of SAP resulted in an elevation of approximately 15 mm
Hg in the pulse pressure of pigs fed HSFS diets, regardless of
NaCl content.

Endothelial function: bradykinin-induced relaxation. To as-
sess the vascular reactivity of coronary arteries, we measured
bradykinin-induced relaxation in arteries that were contracted
submaximally by exposure to U46619. The bradykinin concen-
tration—-relaxation curve (Figure 5) in HSFS-fed pigs (r* = 0.97)
was shifted leftward compared with that of pigs that received
standard diet (*=0.99). This finding indicates increased sensitivity to
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Figure 4. Effects of short-term salt challenge on blood pressure parameters in adult Yucatan miniature swine. Pigs on standard grower diet (Std) first
received the typical version of the diet (0.5% NaCl) and then (7 d later) a high-salt (4.5% NaCl) version of the standard diet. Pigs on the HSFS diet first
received the typical version (4.5% NaCl) of the HSFS diet and then (7 d later) a low-salt (0.5% NaCl) version. Data are given as mean + SEM (n = 6 pigs
per group). Significant (*, P < 0.05; paired f test) difference between the 2 dietary levels of salt within a group.

bradykinin in HSFS pigs (pD,: standard, -8.44 + 0.06; HSFS, -9.01
+0.07; P = 0.003). The maximum effect (standard, 100% =+ 2%; HSFS,
97% % 2%) and steepness (hill slope) of the bradykinin-relaxation
relationship (standard hill, 0.63 + 0.05; HSFES, 0.76 + 0.09) did not
differ between HSFS and standard diet groups (Figure 5).

Discussion

Swine have long been used for studying the basic mechanisms
and pathophysiology of cardiovascular diseases.?192432343643 The
similarities in nutritional requirements and metabolism between
swine and humans®* make the swine an excellent model to study
the effect of diet on the cardiovascular system. The typical North
American diet is high in saturated fat, simple sugars, and NaCl
and contributes to more than 30% of the heart attacks that occur

worldwide.'*? In our current study, we found the BP of Yucatan
miniature swine was significantly elevated in pigs chronically
fed a North American-style diet. Although the increase in their
BP was partly due to the moderate sodium sensitivity of their BF,
other constituents of the diet (that is, fat and sugar) also appeared
to have contributed to the effect on BP.

Sodium sensitivity of BP has been associated with increased
risk of cardiovascular disease and premature death in hyperten-
sive and normotensive humans.?**! In the current study, compari-
son of the responses to acute salt challenge in the context of both
diets (standard compared with HSFS) suggests that any modest
effect of the HSFS diet on DAP could be attributable, at least in
part, to the NaCl content of the HSFS diet (Figure 4). That is, DAP
values were similar between pigs that were acutely fed 0.5% NaCl

287

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



Vol 62, No 4
Comparative Medicine
August 2012

100+

N
T

O std
A HSFS

Relaxation (%)
3

N
T

O T T T T
-10 -9 -8 -7 -6

log [bradykinin] M

Figure 5. Bradykinin-induced relaxation (%; mean + SEM, n = 6 pigs per
group) of epicardial coronary artery rings in adult Yucatan miniature
swine. Left anterior descending coronary arteries from pigs fed either
the standard diet (Std) or HSFS diet first were exposed to U46619 for
submaximal contraction and then increasing concentrations of brady-
kinin. 100% relaxation is equivalent to complete reversal of U46619-in-
duced tone. The best-fit variable slope sigmoidal dose response curves
(solid lines) differed significantly (P < 0.005, F test) between groups.

HSEFS diet and those chronically fed 0.5% NaCl standard diet.
Moreover, DAP values were similar between pigs fed the 4.5%
NaCl HSFS and 4.5% NaCl standard diets. SAP and pulse pres-
sure were considerably higher in pigs fed the HSFS diets, with
the increase in SAP on HSFS diet amounting to approximately
24 mm Hg compared with that in pigs on a standard diet (Table
2). In contrast, acute (7 d) low-salt treatment (HSFS, 0.5% NaCl)
reduced SAP by less than half of this amount (approximately
10 mm Hg).

These results suggest that both the fat and sugar contents of the
diet affected SAP and pulse pressure. Indeed, this conclusion is
consistent with studies in rats® and mice,* in which the effects of
dietary fat, NaCl, sugar, and combinations of these components
on systemic BP were evaluated and showed that NaCl had the
most dramatic effect on BP, followed by the fat content of the diet.
Overall, as in a North American-style diet, these nutrients exert
synergistic harmful effects on blood pressure and long-term risks
for cardiovascular diseases. Alternately, the persistently high SAP
values that were not reversed completely by salt restriction may
represent irreversible effects produced by chronic intake of the
high salt content of the HSFS diet. In analyses of human cross
population datasets, populations with higher levels of sodium
intake have an increased rate of rise in SAP with age."*” An in-
creased rise in BP with age also occurred in chimpanzees'® that
were fed a high-sodium diet for almost 2 y (approximately 5% of
their lifespan) and in regular outbred rats’ that received a high-
sodium diet for at least 1y (approximately 50% of their lifespan).
In the case of the chimpanzee study,' the progressive increases
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in systolic BP appeared to be fully reversible with salt restriction,
whereas the effects in rats were not, possibly because treatment
was sustained for a far greater proportion of the lifespan. Overall,
our current results provide a strong rationale for examining each
of the constituents of the HSFS diet, including its high sodium
content, to determine the precise cause of the persistent increase
in BP associated with this North American-style diet.

Systolic hypertension is attributed chiefly to stiffening of the
major arteries and is increasingly common with advanced age.”
In humans, an increase of pulse pressure by approximately 10
mm Hg has been shown to be associated with an increase in car-
diovascular complications and mortality of about 20%.> Although
atherosclerosis appeared to be absent in the aorta of the pigs in
this study, it is feasible that chronic exposure to the fat compo-
nents of the diet, in addition to its high salt and sugar, could
contribute to increased SAP and pulse pressure in pigs fed the
HSFS diet due to another diet-related impairment in the vascular
system.”” High NaCl intake has been linked with stiffening of the
central vasculature® and endothelial dysfunction,"'* in addition
to increases in the BP level.!®

Dietary sugar has also been linked with impaired endothelial
function** as well as with increased BP itself. For example, results
from one study* suggested that the sucrose component of a high-
fat, high-sucrose diet fed to rats enhanced the deleterious effect of
fat on BP and endothelial function in those animals. In contrast, a
high-sucrose diet impaired muscle vasodilation but had no effect
on BP in rats.*

In our current study, we hypothesized that a HSFS diet may
lead to endothelial dysfunction evident as a reduced relaxation
response to bradykinin in isolated coronary arteries. However,
our results showed that the vascular relaxation response not only
was intact in the HSFS group but was in fact enhanced. These
observations are similar to those of other researchers who also
reported increased coronary relaxation in Sinclair miniature pigs
fed a high-fat, high-cholesterol diet.”* Although the cause of the
enhanced endothelial response is unknown, we speculate that
increased sensitivity to bradykinin may reflect an upregulation of
bradykinin type 2 receptors by proinflammatory mediators; this
hypothesis that can be investigated in future studies.

Alarge body of cardiovascular data from pigs is available, par-
ticularly in relation to establishing models for studying metabolic
syndrome.??*33% Notably, in contrast to our data, other studies
have shown that blood pressure is unchanged in Yucatan pigs fed
high-fat diets.”*** However, in these cited studies, blood pressure
was measured by using noninvasive, indirect techniques (that
is, tail cuff), which may be less sensitive than assessment of 24-h
average hemodynamic parameters by radiotelemetry.” Alterna-
tively, the high-fat diet we used was also high in salt, which itself
has the potential to account for the discrepant blood pressure
outcomes. According to the definition of metabolic syndrome,”
impaired glucose tolerance and insulin resistance are critical
components in animals models of metabolic syndrome. Like us,
several other researchers®* have shown that Yucatan miniature
pigs do not develop glucose intolerance or insulin resistance in
response to high-fat, high-cholesterol diets, despite the develop-
ment of dyslipidemia and hypertension.

In conclusion, our current data show that Yucatan miniature
swine are a good experimental model to investigate hyperten-
sion associated with a North American style diet containing high
levels of fat, sugar, and salt. Additional studies are required to
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determine the contributions of individual components to the ef-
fects of this diet on BP.

Acknowledgments

This work was supported in part by operating grants to RFB from the
Canadian Institutes of Health Research and from the International Life
Sciences Institute-North America (for information about ILSI-NA, call
[202] 659-0074 or email ilsina@ilsi.org). The opinions expressed herein
are those of the authors and do not necessarily represent the views of
ILSI-NA. Infrastructure support was also provided by the Canadian
Foundation for Innovation and the Province of Newfoundland and
Labrador (RFB, JJM).

10.

11.

12.

13.

14.

References
American Heart Association. [Internet]. 2008. International cardio-
vascular disease statistics: statistical fact sheet—populations: 2008
update. Secondary international cardiovascular disease statistics:
statistical fact sheet—populations: 2008 update. [Cited 02 February
2009]. Available at: http:/ /www.americanheart.org/downloadable/
heart/1201543457735FS06INTO08.pdf.
Appel L], Brands MW, Daniels SR, Karanja N, Elmer PJ, Sacks
FM. 2006. Dietary approaches to prevent and treat hypertension: a
scientific statement from the American Heart Association. Hyperten-
sion 47:296-308.
Blacher J, Staessen JA, Girerd X, Gasowski J, Thijs L, Liu L, Wang
JG, Fagard RH, Safar ME. 2000. Pulse pressure not mean pressure
determines cardiovascular risk in older hypertensive patients. Arch
Intern Med 160:1085-1089.
Bourgoin F, Bachelard H, Badeau M, Melancon S, Pitre M, Lariviere
R, Nadeau A. 2008. Endothelial and vascular dysfunctions and insu-
lin resistance in rats fed a high-fat, high-sucrose diet. Am J Physiol
Heart Circ Physiol 295:H1044-H1055.
Canadian Council on Animal Care. 1993. Canadian council on
animal care guide to the care and use of experimental animals, vol
1 and 2. Ottawa (Canada): Canadian Council on Animal Care.
Chia E, Kagota S, Wijekoon EP, McGuire JJ. 2011. Protection of
protease-activated receptor 2 mediated vasodilatation against an-
giotensin II-induced vascular dysfunction in mice. BMC Pharmacol
11:10.
Corbett WT, Kuller LH, Blaine EH, Damico FJ. 1979. Utilization
of swine to study the risk factor of an elevated salt diet on blood
pressure. Am J Clin Nutr 32:2068-2075.
Crick SJ, Sheppard MN, Ho SY, Gebstein L, Anderson RH. 1998.
Anatomy of the pig heart: comparisons with normal human cardiac
structure. ] Anat 193:105-119.
Dahl LK. 1961. Effects of chronic excess salt feeding. Induction of
self-sustaining hypertension in rats. ] Exp Med 114:231-236.
Denton D, Weisinger R, Mundy NI, Wickings EJ, Dixson A,
Moisson P, Pingard AM, Shade R, Carey D, Ardaillou R, Paillard
E Chapman J, ThilletJ, Michel JB. 1995. The effect of increased salt
intake on blood pressure of chimpanzees. Nat Med 1:1009-1016.
Dickinson KM, Clifton PM, Keogh JB. 2011. Endothelial function is
impaired after a high-salt meal in healthy subjects. Am J Clin Nutr
93:500-505.
Dickinson KM, Keogh JB, Clifton PM. 2009. Effects of a low-
salt diet on flow-mediated dilatation in humans. Am ] Clin Nutr
89:485-490.
Dixon JL, Stoops JD, Parker JL, Laughlin MH, Weisman GA, Sturek
M. 1999. Dyslipidemia and vascular dysfunction in diabetic pigs fed
an atherogenic diet. Arterioscler Thromb Vasc Biol 19:2981-2992.
Elliott P, Stamler J, Nichols R, Dyer AR, Stamler R, Kesteloot H,
Marmot M. 1996. Intersalt revisited: further analyses of 24-h sodium
excretion and blood pressure within and across populations. Intersalt
Cooperative Research Group. BM] 312:1249-1253.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25

Blood pressure by telemetry in Yucatan pigs

Ford ES. 2011. Trends in mortality from all causes and cardiovascu-
lar disease among hypertensive and nonhypertensive adults in the
United States. Circulation 123:1737-1744.

Geleijnse JM, Kok FJ, Grobbee DE. 2003. Blood pressure response to
changes in sodium and potassium intake: a metaregression analysis
of randomised trials. ] Hum Hypertens 17:471-480.

Hoet]J, Ozanne S, Reusens B. 2000. Influences of pre- and postnatal
nutritional exposures on vascular-endocrine systems in animals.
Environ Health Perspect 108 Suppl 3:563-568.

Holman RL, Mc GH Jr, Strong JP, Geer JC. 1958. Techniques for
studying atherosclerotic lesions. Lab Invest 7:42-47.

Hughes HC. 1986. Swine in cardiovascular research. Lab Anim Sci
36:348-350.

Johansen T, Hansen HS, Richelsen B, Malmlof R. 2001. The obese
Gottingen minipig as a model of the metabolic syndrome: dietary
effects on obesity, insulin sensitivity, and growth hormone profile.
Comp Med 51:150-155.

Katakam PV, Ujhelyi MR, Hoenig ME, Miller AW. 1998. Endothelial
dysfunction precedes hypertension in diet-induced insulin resis-
tance. Am J Physiol 275:R788-R792.

Kurtz TW, Griffin KA, Bidani AK, Davisson RL, Hall JE. 2005.
Recommendations for blood pressure measurement in humans
and experimental animals. Part 2: blood pressure measurement in
experimental animals: a statement for professionals from the subcom-
mittee of professional and public education of the American Heart
Association council on high blood pressure research. Hypertension
45:299-310.

Law MR, Frost CD, Wald NJ. 1991. By how much does dietary salt
reduction lower blood pressure? I. Analysis of observational data
among populations. Br Med ] 302:811-815.

Mickelson HE, Qayumi AK, Jamieson WR, Smith CL, Gillespie
KD, van den Broek JE. 1990. Swine as a model for cardiovascular
research: improved cardiopulmonary bypass techniques. ] Invest
Surg 3:253-260.

Montani JP, Mizelle HL, Van Vliet BN, Adair TH. 1995. Advan-
tages of continuous measurement of cardiac output 24 h a day. Am
J Physiol 269:H696-H703.

Morimoto A, Uzu T, Fujii T, Nishimura M, Kuroda S, Nakamura S,
Inenaga T, Kimura G. 1997. Sodium sensitivity and cardiovascular
events in patients with essential hypertension. Lancet 350:1734—
1737.

National Research Council. 1987. Predicting feed intake of food-
producing animals. Washington (DC): National Academies Press.
Neeb ZP, Edwards JM, Alloosh M, Long X, Mokelke EA, Sturek M.
2010. Metabolic syndrome and coronary artery disease in Ossabaw
compared with Yucatan swine. Comp Med 60:300-315.

Niinikoski H, Jula A, Viikari J, Ronnemaa T, Heino P, Lagstrom H,
Jokinen E, Simell O. 2009. Blood pressure is lower in children and
adolescents with a low-saturated-fat diet since infancy: the special
TURKU coronary risk factor intervention project. Hypertension
53:918-924.

Otis CR, Wamhoff BR, Sturek M. 2003. Hyperglycemia-induced
insulin resistance in diabetic dyslipidemic Yucatan swine. Comp
Med 53:53-64.

Park S, Park ]JB, Lakatta EG. 2011. Association of central hemo-
dynamics with estimated 24-h urinary sodium in patients with
hypertension. ] Hypertens 29:1502-1507.

Smith AC, Spinale FG, Swindle MM. 1990. Cardiac function and
morphology of Hanford miniature swine and Yucatan miniature and
micro swine. Lab Anim Sci 40:47-50.

Song J, Hu X, Shi M, Knepper MA, Ecelbarger CA. 2004. Effects of
dietary fat, NaCl, and fructose on renal sodium and water transporter
abundances and systemic blood pressure. Am ] Physiol Renal Physiol
287:F1204-F1212.

Stubhan M, Markert M, Mayer K, Trautmann T, Klumpp A, Henke
J, Guth B. 2008. Evaluation of cardiovascular and ECG parameters
in the normal, freely moving Gottingen Minipig. ] Pharmacol Toxicol
Methods 57:202-211.

289



Vol 62, No 4
Comparative Medicine
August 2012

35.

36.

37.

38.

39.

40.

290

Swindle MM. 2007. Swine in the laboratory: surgery, anesthesia, im-
aging, and experimental techniques. Boca Raton (FL): CRC Press.
Thorpe PE, Hunter WJ 3rd, Zhan XX, Dovgan PS, Agrawal DK.
1996. A noninjury, diet-induced swine model of atherosclerosis for
cardiovascular-interventional research. Angiology 47:849-857.

Tin LL, Beevers DG, Lip GY. 2002. Systolic vs diastolic blood pressure
and the burden of hypertension. ] Hum Hypertens 16:147-150.

Van Vliet BN, Chafe LL, Antic V, Schnyder-Candrian S, Montani
JP. 2000. Direct and indirect methods used to study arterial blood
pressure. ] Pharmacol Toxicol Methods 44:361-373.

Varga O, Harangi M, Olsson IA, Hansen AK. 2010. Contribution
of animal models to the understanding of the metabolic syndrome:
a systematic overview. Obes Rev 11:792-807.

Wang L, Manson JE, Forman JP, Gaziano JM, Buring JE, Sesso HD.
2010. Dietary fatty acids and the risk of hypertension in middle-aged
and older women. Hypertension 56:598-604.

41.

42.

43.

44.

Weinberger MH, Fineberg NS, Fineberg SE, Weinberger M. 2001.
Salt sensitivity, pulse pressure, and death in normal and hypertensive
humans. Hypertension 37:429-432.

World Health Organization. 2008. The 10 leading causes of death
by broad income group, 2004. Geneva (Switzerland): World Health
Organization.

Xanthos T, Bassiakou E, Koudouna E, Tsirikos-Karapanos N,
Lelovas P, Papadimitriou D, Dontas I, Papadimitriou L. 2007.
Baseline hemodynamics in anesthetized landrace-large white
swine: reference values for research in cardiac arrest and car-
diopulmonary resuscitation models. ] Am Assoc Lab Anim Sci
46:21-25.

Yu Q, Larson DF, Slayback D, Lundeen TF, Baxter JH, Watson RR.
2004. Characterization of high-salt and high-fat diets on cardiac and
vascular function in mice. Cardiovasc Toxicol 4:37—46.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



