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ABSTRACT

XU, L., G. HU, J. QIU, T. MIURA, S. YAMAKOSHI, A. NAMAI-TAKAHASHI, M. KOHZUKI, and O. ITO. Exercise Training Prevents

High Fructose-Induced Hypertension and Renal Damages in Male Dahl Salt-Sensitive Rats. Med. Sci. Sports Exerc.,

Vol. 55, No. 5, pp. 803-812, 2023. Introduction: High-fructose diet (HFr) causes metabolic syndrome, and HFr-induced hypertension

and renal damage are exaggerated in Dahl salt-sensitive (DS) rats. Exercise training (Ex) has antihypertensive and renal protective effects

in rats fed HFr; however, there has been little discussion about the DS rats, which exhibit metabolic disturbances. This study thus examined

the effects of Ex onDS rats fedHFr.Methods:Male DS rats were divided into three groups. The control group was fed a control diet, and both

the HFr group and the HFr–Ex group were fed an HFr (60% fructose). The HFr–Ex group also underwent treadmill running (20 m·min−1,

60 min·d−1, 5 d·wk−1). After 12 wk, renal function, histology, and renin–angiotensin system were examined. Results: HFr increased blood

pressure, urinary albumin, and creatinine clearance, and Ex inhibited these increases. HFr induced glomerular sclerosis, podocyte injury, af-

ferent arteriole thickening, and renal interstitial fibrosis, and Ex ameliorated them. HFr reduced plasma renin activity, and Ex further reduced

the activity. HFr also increased the expression of angiotensinogen, renin, angiotensin-converting enzyme (ACE), and angiotensin II type 1

receptor, and Ex restored the ACE expression to the control levels. HFr decreased the expression of ACE2, angiotensin II type 2 receptor,

and Mas receptor, and Ex restored the ACE2 and Mas receptor expressions to the control levels and further decreased the angiotensin II type

2 receptor expression. HFr increased the ACE activity and decreased the ACE2 activity, and Ex restored these activities to the control levels.

Conclusions: Ex prevents HFr-induced hypertension and renal damages in DS rats. The changes in renal renin–angiotensin system may be

involved in the mechanism of the antihypertensive and renal protective effects of Ex. Key Words: HIGH-FRUCTOSE DIET, EXERCISE

TRAINING, DAHL SALT-SENSITIVE RATS, RENAL DAMAGE, RENIN–ANGIOTENSIN SYSTEM
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Dietary fructose consumption has increased significantly
over the past decades and has led to an epidemic ofmet-
abolic syndrome, which increases the risk of hyperten-

sion and chronic kidney disease (CKD) (1–3). High-fructose diet
(HFr) induces insulin resistance, hyperinsulinemia, hypertriglyc-
eridemia, and hyperuricemia and elevated blood pressure in hu-
man and rodents (4–8). Most symptoms can be attenuated in
Sprague-Dawley rats if exercise training is performed (9,10).
However, the precise mechanisms of the hypertensive effects of
fructose and the antihypertensive effects of exercises remain un-
known. Previous research has shown a pathogenic role of the
renin–angiotensin system (RAS) in the HFr-induced hyperten-
sion. It was observed that HFr increased plasma renin activity,
urinary angiotensin II levels, and the renal expression of renin,
angiotensin II, and angiotensin II type 1 receptor (AT1R) in
Sprague-Dawley rats (7,11). RAS blockade by angiotensin-
converting enzyme (ACE) inhibitors or AT1R blockers atten-
uate the HFr-induced elevation in blood pressure (12–15).
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HFr causes renal hypertrophy, afferent arteriolar thickening,
cortical vasoconstriction, glomerular hypertension, and tubu-
lointerstitial injury in Sprague-Dawley rats (16,17).Moreover,
using a genetic model of hypertension and kidney disease,
Dahl salt-sensitive (DS) rats exhibited further exaggeration
in the HFr-induced hypertension and renal damage than
Sprague-Dawley rats. We recently reported that HFr elevates
blood pressure in DS rats, but not in Dahl salt-resistant (DR)
rats, and HFr-induced urinary albumin excretion, glomerular
injury, and renal interstitial fibrosis are exaggerated in DS rats
(18). HFr also increases the renal expression of AGT, renin,
ACE, and AT1R. RAS inhibitors attenuate the HFr-induced
hypertension and renal damage in DS rats (18).

Exercise has renal protection effects in ratswith kidney disease
(10,19–22). Exercise with treadmill running attenuates the pro-
gression of hypertension, renal dysfunction, glomerular sclerosis,
and renal interstitial fibrosis in rats with 5/6 nephrectomy (21).
Progression of glomerular sclerosis and renal interstitial fibrosis
has no impact on blood pressure in rats with diabetic nephropathy
(19). Exercise training also inhibits the progression of hyperten-
sion, albuminuria, glomerular sclerosis, and renal interstitial fi-
brosis in Sprague-Dawley rats fed HFr (10). However, exercise
does not affect blood pressure in high salt-fed DS rats (20,22),
whereas it slows the progress of renal dysfunction and glomerular
sclerosis (20,22). We hypothesized that exercise training could
inhibit the progression of HFr-induced hypertension and renal
damage in DS rats. To test this hypothesis, the present study in-
vestigated the effects of exercise on HFr-induced hypertension,
renal damage, and renal RAS in DS rats.
METHODS

Animals and diets.All animal experiments were approved
by Tohoku University Committee for Animal Experiments and
were performed in accordance with the Guidelines for Animal
Experiments and Related Activities of Tohoku University, and
the guiding principles of the Physiological Society of Japan and
the US National Institutes of Health.

Five-week-old, male DS rats (Japan SLC Inc, Shizuoka,
Japan) were housed in an animal care facility at Tohoku Uni-
versity Graduate School ofMedicine at a controlled temperature,
under a 12-h light/12-h dark cycle. All rats had free access to
standard rat chow and tap water. After 1 wk of acclimation, their
diet was changed to a control diet (Con) (TD.05075; Envigo
Teklad Diets, Madison, WI) or a 60% HFr (TD.89247; Envigo
TekladDiets), which inducedmetabolic syndromes as previously
reported (10,23). Previous study (24) showed that HFr diet (60%
fructose) did not induced hypertension or hyperinsulinemia in fe-
male rats; thus, we only investigate male DS rats in this study.

To examine the effects of exercise training (Ex) in HFr-fed
DS rats, DS rats were randomized into three groups: Con group,
HFr group, and HFr and Ex group (HFr–Ex) (n = 8 in each
group). The rats of the three groups weremaintained on the con-
trol or HFr diet, and the HFr–Ex group underwent treadmill
running (KN-73 Tread-Mill; Natsume Industries Co., Tokyo,
Japan) at an aerobic intensity for 12 wk as previously described
804 Official Journal of the American College of Sports Medicine
(10,19,20,22,25,26). Initially, the animals were started at
10 m·min−1, 0°, 10 min·d−1, after which the treadmill speed
was increased from 10 to 20 m·min−1 progressively and to
60 min·d−1 in a week. After acclimation, the rats could undergo
treadmill running for the remaining 11 wk, which was main-
tained at an aerobic intensity (20 m·min−1, 0°, 60 min·d−1,
5 d·wk−1). The sample size calculations are provided byG Power
3.1. With an α = 0.05 and power = 0.80, the projected total sam-
ple size needed with this effect size is approximately N = 21.
Thus, our proposed sample size of N = 24 will be more than
adequate for the main objective of this study.

Blood pressuremeasurement and plasma and uri-
nary parameter. Every 2 wk, the body weight and systolic
blood pressure (SBP) of the rats were measured. SBP was
measured using the tail cuff method (MK-2000A; Muromachi
Kikai, Tokyo, Japan). After an 8-h fasting, the plasma from tail
vein was obtained to measure the glucose and insulin concen-
tration at the 11th week of the experiments. The insulin resis-
tance status was measured using the homeostasis model as-
sessment for insulin resistance (HOMA-IR) (10,19). On the
last day of the experiments, all rats were housed in an individ-
ual metabolic cage, and urine samples were collected on ice
for 24 h. Urinary albumin and creatinine were measured (Ori-
ental Yeast Co., Ltd., Nagahama, Japan). The urinary liver
type-fatty acid binding protein (L-FABP) (27), a biomarker
of proximal tubular stress and tubulointerstitial disorder and
has a correlation with urine albumin excretion in diabetic kid-
ney disease and CKD patients, was also measured as previ-
ously described (18). It can help predict the progression of di-
abetic kidney disease on renal damage at very early stage.

At the end of the experiments, all rats were anesthetized with
sodium pentobarbital (50 mg·kg−1, i.p.) and blood samples were
collected by decapitation. Blood samples were then centrifuged
for 15min at 1500g, and the supernatant was collected and stored
at −80°C. Triglyceride, total cholesterol, free fatty acid, glucose,
urea nitrogen, creatinine, and renin activity were measured
(SRL Inc., Tokyo, Japan). Plasma fructose levels were measured
by an enzyme-based chromogenic assay (EFRU-100; Bioassay
Systems, Hayward, CA). Uric acid was measured using a colori-
metric kit (Wako c-test; FUJIFILM Wako Pure Chemical Co.,
Osaka, Japan). Total angiotensinogen (AGT) concentration in
plasma and urine was determined using a rat AGT ELISA kit
(Immuno-Biological Laboratories, Fujioka, Japan) as previously
described (28,29). All the assays were run in duplicate.

Tissuesamplepreparation.After sacrifice, the kidneys of the
rats were quickly dissected. The renal cortex was homogenized in a
buffer containing 0.1 mol·L−1 KH2PO4, 0.4 mol·L−1 Na2HPO4,
10 mmol·L−1 EDTA, and 10 mmol·L−1 DL-dithiothreitol. In addi-
tion, 0.1 mmol·L−1 phenylmethylsulfonyl fluoride was added be-
fore the homogenization. The homogenate was snap-frozen in liq-
uid nitrogen and stored at−80°C until further analysis. The protein
concentration of the samples was measured using the Bradford
method, with bovine γ-globulin as standard (No. 500–0005;
Bio-Rad Laboratories, Hercules, CA).

Histological analysis. The kidney was quickly removed
after decapitation, was fixed in 10% formalin for over 24 h,
http://www.acsm-msse.org
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FIGURE 1—Blood pressure and body weight in DS rats. DS rats were di-
vided into three groups and fed a control diet (Con) or a high-fructose diet
(HFr; 60% fructose). A part of HFr-fed DS rats underwent exercise train-
ing (Ex) with treadmill running at an aerobic intensity for 12 wk. A, The
time course of SBP in the Con (open squares), HFr (closed squares), and
HFr and Ex (HFr–Ex; open triangles) groups. B, The time course of body
weight in the Con (open squares), HFr (closed squares), andHFr–Ex (open
triangles) groups. Data are presented as means ± SE for n = 8 rats per group.
*P < 0.05, **P < 0.01 compared with the Con group; #P < 0.05, ##P < 0.01
compared with the HFr group.
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and were then embedded in paraffin. Paraffin sections (3 μm thick)
were cut and stainedwith Periodic acid–Schiff (PAS) andMasson’s
trichrome staining to determine the index of glomerular sclerosis
(IGS) and relative interstitial volume (RIV), respectively. The IGS
and RIV were assessed in accordance with a previously described
method (25). For histological analysis, five to six rats per group
were prepared and 50 glomeruli in each rat were assessed for
IGS. The percentages of interstitial space of the renal cortex and
outer medulla except the glomerulus, blood vessels, and tubules
per unit area were calculated; the values of RIV from 10 areas
in each rat were measured, and the mean values were calculated.
Quantifications were performed in a blinded manner.

Immunohistochemistry. Immunohistochemical analy-
ses of desmin and a-smooth muscle actin (a-SMA) were per-
formed to determine the severity of podocyte injury and affer-
ent arteriolar thickening, respectively, as described previously
(30,31). The deparaffinized tissues were rehydrated in graded
ethanol and rinsed in phosphate-buffered saline, then the sec-
tions were treated with 0.3% hydrogen peroxide in absolute
ethanol for 5 min, followed by processing for immunostaining
with antibodies targeting desmin (Abcam, Cambridge, United
Kingdom) and a-SMA (Dako, Glostrup, Denmark). Thirty
glomeruli in each rat were assessed for desmin immunostain-
ing, and the ratio of the desmin-expressing area to that of the
whole glomerulus was determined using ImageJ (version 2.0.0;
NIH, Bethesda, MD). For each arteriole, the outline of the vessel
and its internal lumen (excluding the endothelium) was traced
using computer analysis to calculate the total medial area
(outline–inline) in 5–10 arterioles per slice. The media-to-lumen
ratio was calculated using the outline–inline relationship (31).
Quantifications were performed in a blinded manner.

Immunoblot analysis. Protein expression was examined
using immunoblot analysis, as described previously (19). Renal
cortical homogenates (20–30 μg) were loaded onto a sodium do-
decyl sulfate polyacrylamide gels and separated by electrophore-
sis. Then the proteins were transferred electrophoretically to ni-
trocellulose membranes at 100 V in transfer buffer for 1 h. The
membrane was blocked by immersion into a Tween-20 (TBS-T)
and then incubated with primary antibodies raised against
AGT (Immuno-Biological Laboratories, Fujioka, Japan); renin,
ACE, ACE2, AT1R, and angiotensin II type 2 receptor (AT2R;
Santa Cruz Biotechnology, Dallas, TX); Mas receptor (MasR;
Alomone Labs, Jerusalem, Israel); and β-actin (Sigma-Aldrich,
St. Louis, MO). Membranes were rinsed with TBST-20 and
incubated at room temperature for 1 h with a horseradish
peroxidase–conjugated antirabbit or antimouse IgG secondary
antibody (Santa Cruz Biotechnology). After washing in TBST-20
for several times, immunoblots were developed using an en-
hanced chemiluminescent substrate (Super Signal; Thermo
Fisher Scientific, Waltham, MA). The relative intensity of band
was quantified using ImageJ. The intensity of band was normal-
ized against β-actin, which was used as an internal standard; the
intensity of the band in the Con group was assigned a value of 1.

Measurement of ACE and ACE2 activities. ACE and
ACE2 activities were measured using a fluorometric assay kit
(Abcam) as previously described (18).
EXERCISE ON FRUCTOSE DIET SALT SENSITIVE RATS
Statistical analysis.The data are presented asmean ± SE.
Thedatawere analyzedusing two-way repeated-measuresANOVA
or one-way ANOVA, followed by a Tukey test for multiple
comparisons among the groups. P < 0.05was considered to in-
dicate statistical significance.

RESULTS

Body weight and blood pressure. Figure 1 shows the
time course of body weight and SBP. HFr did not affect body
weight, whereas Ex significantly lowered body weight after
the fourth week (P < 0.01; Fig. 1A). HFr significantly in-
creased the SBP after the fourth week (P < 0.01). Ex signifi-
cantly decreased the HFr-increased SBP after the sixth week
(P < 0.01), but the SBP was still higher in the HFr–Ex group
than in the Con group (P < 0.01; Fig. 1B; Supplemental Tables S1
and S2, Supplemental Digital Content, Effects of exercise on
SBP and on body weight, http://links.lww.com/MSS/C762.)
Medicine & Science in Sports & Exercise® 805
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TABLE 1. Effects of exercise on plasma parameters in high fructose-fed DS rats.

Con HFr HFr–Ex

P

Con vs HFr HFr vs HFr–Ex Con vs HFr–Ex

HOMA-IR 0.53 ± 0.07 0.67 ± 0.10 0.51 ± 0.04 0.02 <0.01 0.51
Triglyceride (mg·dL−1) 263 ± 45 988 ± 155 606 ± 61 <0.01 <0.01 <0.01
Total cholesterol (mg·dL−1) 75 ± 2 106 ± 7 80 ± 9 <0.01 <0.01 0.23
Free fatty acid (mEq·L−1) 189 ± 50 394 ± 98 203 ± 36 <0.01 <0.01 0.55
Glucose (mg·dL−1) 145 ± 18 194 ± 22 142 ± 5 <0.01 <0.01 0.68
Fructose (mg·dL−1) 3.68 ± 1.57 20.93 ± 5.03 19.38 ± 4.31 <0.01 0.53 <0.01
Uric acid (mg·dL−1) 1.67 ± 0.12 2.04 ± 0.13 1.68 ± 0.17 <0.01 <0.01 0.83
Renin activity (ng·mL−1·h−1) 6.1 ± 1.9 4.1 ± 0.8 2.2 ± 0.5 0.03 <0.01 <0.01

Data are presented as means ± SD.
P < 0.05 compared with the Con group.
P < 0.01 compared with the Con group.
P < 0.05 compared with the HFr group.
P < 0.01 compared with the HFr group.
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Plasma parameters. Table 1 shows plasma parameters at
the end of the experiment. HFr significantly increased HOMA-IR,
triglyceride, total cholesterol, free fatty acid, glucose, fructose, and
uric acid, and Ex significantly deceased the HFr-increased plasma
parameters except triglyceride and fructose to the control levels.
FIGURE 2—Renal functions in DS rats. Plasma creatinine (A), creatinine cleara
were compared among the Con, HFr, and HFr–Ex groups. Data are presented as
the Con group; #P < 0.05, ##P < 0.01 compared with the HFr group.

806 Official Journal of the American College of Sports Medicine
The levels of triglyceride were still higher in the HFr–Ex group
than in the Con group, whereas the levels of fructose did not
differ between the HFr group and the HFr–Ex group. HFr sig-
nificantly decreased plasma renin activity, which was further
suppressed by Ex.
nce (B), urinary albumin excretion (C), and urinary L-FABP excretion (D)
means ± SE for n = 8 rats per group. *P < 0.05, **P < 0.01 compared with

http://www.acsm-msse.org
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Renal functions. HFr significantly decreased plasma cre-
atinine (P<0.01), andEx significantly increased theHFr-decreased
plasma creatinine to the control levels (P < 0.01; Fig. 2A). HFr
significantly increased creatinine clearance (P < 0.05), and Ex
FIGURE 3—Renal histological characteristics in DS rats. A, Representative im
against desmin (second panel), against α-SMA (third panel), and with Masson tri
merular desmin-positive area (C), arteriolar media-to-lumen ratio (D), and RI
are presented as means ± SEM for n = 6 rats per group. *P < 0.05, **P < 0.01
HFr group.

EXERCISE ON FRUCTOSE DIET SALT SENSITIVE RATS
significantly decreased the HFr-increased creatinine clearance to
the control levels (P < 0.01; Fig. 2B). HFr significantly increased
the urinary albumin excretion (P < 0.01), and Ex significantly de-
creased theHFr-increased excretion to the control levels (P < 0.01;
ages of the glomerulus and the renal cortex stained with PAS (top panel),
chrome (bottom panel) in the Con, HFr, and HFr–Ex groups. IGS (B), glo-
V (E) were compared among the Con, HFr, and HFr–Ex groups. Data
compared with the Con group; #P < 0.05, ##P < 0.01 compared with the

Medicine & Science in Sports & Exercise® 807
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Fig. 2C). HFr significantly increased the urinary L-FABP excre-
tion (P < 0.01), and Ex significantly decreased the HFr-increased
excretion to the control levels (P < 0.01; Fig. 2D).

Renal histology. Figure 3A shows representative photo-
micrographs of the glomeruli stained with PAS, against desmin,
against a-SMA, andwithMasson’s trichrome.HFr induced focal
glomerular sclerosis, podocyte injury, afferent arteriole thickening,
and renal interstitial fibrosis, which were ameliorated by Ex. HFr
significantly increased IGS and desmin positive area (P < 0.01
and P < 0.01), whereas Ex significantly decreased them (P < 0.01
and P < 0.01; Figs. 3B, C). The IGS in the HFr–Ex group was still
higher than that in the control levels (Fig. 3B), but Ex decreased the
desmin positive area to the control levels (P < 0.05; Fig. 3C). HFr
also significantly increased the media-to-lumen ratio of afferent
arterioles and RIV (P < 0.01 and P < 0.01), and Ex significantly
FIGURE 4—Levels of AGT in plasma and urine and expression of AGT and ren
AGT (B) were compared among the Con, HFr, and HFr–Ex groups. The renal exp
HFr–Ex groups. Top panels depict representative immunoblots from the different
of β-actin, and themean intensities of the values for theCon group. Data are presen
with the Con group; #P < 0.05, ##P < 0.01 compared with the HFr group.

808 Official Journal of the American College of Sports Medicine
lowered them (P < 0.01 and P < 0.01; Figs. 3D, E). The media-to-
lumen ratio in the HFr–Ex group was still higher than the control
levels (P < 0.05; Fig. 3D), and Ex decreased the RIV to the control
levels (Fig. 3E).

Renal expression of RAS components and activity
of ACE and ACE2.HFr or Ex did not affect the plasma AGT
concentration (Fig. 4A). However, HFr significantly increased
the urinary AGT excretion (P < 0.01), and Ex significantly decreased
the HFr-increased AGT excretion (P < 0.01) to levels lower
than the control levels (P < 0.01; Fig. 4B). HFr signifi-
cantly increased the renal AGT expression (P < 0.05),
and Ex did not affect the HFr-increased AGT expression
(Fig. 4C). HFr significantly increased the renal renin expres-
sion (P < 0.01), and Ex did not affect the HFr-increased renin
expression (Fig. 4D).
in in the renal cortex of DS rats. The levels of plasma AGT (A) and urinary
ression of AGT (C) and renin (D) were compared among the Con, HFr, and
groups. The intensities of each specific protein band were normalized to that
ted asmeans ± SEM for n = 8 rats per group. *P< 0.05, **P < 0.01 compared

http://www.acsm-msse.org
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HFr significantly increased the renal ACE expression and
activity (P < 0.01 and P < 0.01), and Ex significantly decreased
the HFr-increased ACE expression and activity to the control
levels (P< 0.01 andP< 0.01; Figs. 5A, C). HFr also significantly
decreased the renal ACE2 expression and activity (P < 0.05 and
P < 0.01), and Ex significantly increased the HFr-decreased
ACE2 expression and activity to the control levels (P < 0.05
and P < 0.01; Figs. 5B, D).

HFr significantly increased the renal AT1R expression
(P < 0.01), and Ex did not affect the HFr-increased AT1R expres-
sion (Fig. 6A). HFr significantly decreased the renal AT2R ex-
pression (P < 0.05), whichwas further decreased by Ex (P < 0.05).
HFr significantly decreased the renal MasR expression (P < 0.05),
and Ex significantly increased the HFr-decreased MasR ex-
pression to the control levels (P < 0.05; Figs. 6B, C).
FIGURE 5—Expression and activity of ACE and ACE2 in the renal cortex of D
among the Con, HFr, andHFr–Ex groups. Top panels depict representative imm
band were normalized to that of β-actin, and the mean intensities of the values fo
pared among the Con, HFr, andHFr–Ex groups. Data are presented as means ± S
group; #P < 0.05, ##P < 0.01 compared with the HFr group.

EXERCISE ON FRUCTOSE DIET SALT SENSITIVE RATS
DISCUSSION
The present study examined the effects of Ex on theHFr-induced

hypertension, renal damage, and renal RAS components in DS rats.
Ex restored degraded metabolic parameters of HFr plasma,
other than triglyceride and fructose, to control levels. Ex also
inhibited the progression of HFr-induced hypertension, albu-
minuria, and glomerular hyperfiltration. Moreover, Ex has
strongly attenuated the HFr-induced renal damage, including
glomerular sclerosis, podocyte injury, afferent arterial thicken-
ing, and renal interstitial fibrosis with changes in renal RAS
components. To our knowledge, the present study is the first
to report the great efficacy of Ex against HFr-induced hyperten-
sion and renal damage in DS rats.

Several studies have reported antihypertensive effects of Ex
in HFr-fed rats. Voluntary wheel exercise for 2 wk attenuated
S rats. The renal expression of ACE (A) and ACE2 (B) were compared
unoblots from the different groups. The intensities of each specific protein
r the Con group. The renal activity of ACE (C) and ACE2 (D)were com-
EM for n = 8 rats per group. *P < 0.05, **P < 0.01 comparedwith the Con

Medicine & Science in Sports & Exercise® 809
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FIGURE 6—Expression of angiotensin receptors in the renal cortex of DS rats. The renal expression of AT1R (A), AT2R (B), andMasR (C) was compared
among the Con, HFr, andHFr–Ex groups. Top panels depict representative immunoblots from the different groups. The intensities of each specific protein
band were normalized to that of β-actin, and the mean intensities of the values for the Con group. Data are presented as means ± SEM for n = 8 rats per
group. *P < 0.05, **P < 0.01 compared with the Con group; #P < 0.05, ##P < 0.01 compared with the HFr group.
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HFr-induced blood pressure elevation and insulin resistance in
Sprague-Dawley rats (9). Ex with treadmill for 12 wk attenuated
the HFr-induced elevated blood pressure, insulin resistance,
hypertriglyceridemia, and hyperuricemia in Sprague-Dawley rats
(10). In this study, Ex strongly inhibited the progression of hyper-
tension caused by HFr in DS rats. In contrast with the results ob-
tained in HFr-fed DS rats, the antihypertensive effects of Ex are
controversial in high salt fed DS rats. Voluntary wheel exercise
was reported to have no effect on blood pressure in the high
salt-fed DS rats (32). Ex with treadmill for 12 wk did not affect
SBP in female DS rats fed high salt (33). However, Ex with
treadmill for 8 wk reduced blood pressure in male DS rats who
received high salt (34,35). In addition, Ex with treadmill for
810 Official Journal of the American College of Sports Medicine
8 wk attenuated the high salt-induced glomerular sclerosis in
DS rats, although it did not affect blood pressure (20,22). An an-
tihypertensive treatment with hydralazine, which lowered blood
pressure to the control levels, did not ameliorate renal dysfunc-
tion and damage in the HFr-fed DS rats (18). These results sug-
gest that the renal protective effects of Ex are not mediated
through its antihypertensive effects in DS rats.

The ACE2–Ang-(1–7)–MasR axis exerts roles in antihy-
pertrophic, antiproliferative, antifibrotic, vasoconstrictive, and
renal protective effects, which are opposite to those elicited by
the ACE–Ang II–AT1R axis (36). Previous studies reported
that the renal expression of RAS components changed in
CKD models (18,21,22). 5/6 nephrectomy was found to
http://www.acsm-msse.org
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increase the AGT, ACE, and AT1R expressions and decreased
the renin, ACE2, AT2R, and MasR expressions (21). In DS
rats, high salt increased the AGT and ACE expressions in
the renal cortex and the AGT and AT1R expressions in the
outer medulla (22). high salt also decreased the renin, ACE2,
and AT2R expressions in the renal cortex and the renin,
ACE2, AT2R, and MasR expressions in the outer medulla
(22). We also recently reported that the HFr-induced changes
in renal expression of RAS components differ between DR
rats and DS rats (18). In DR rats, HFr increased the ACE
and AT2R expressions and decreased the renin and AT1R ex-
pressions. In DS rats, HFr increased the AGT, renin, ACE, and
AT1R expressions and decreased the AT2R expression (18).
The present study further revealed that HFr decreases the
ACE2 and MasR expression in DS rats.

Ex restored the HFr-increased ACE expression and the
HFr-decreased ACE2 and MasR expressions in the kidney
of DS rats. Previous studies reported that Ex with treadmill
for 8 wk restored the HFr-increased ACE expression and the
HFr-decreased ACE2 and MasR expressions in the liver of
Wistar rats (37), and that high-intensity interval training with
treadmill for 12 wk restored the HFr-increased ACE and
AT2R mRNA expressions and the HFr-decreased ACE2 and
MasR mRNA expressions in the left ventricle of mice (38).
However, there are few reports that examined the effects of
Ex on the renal RAS. Ex with treadmill for 16 wk decreased
the ACE and AT1R expressions and increased ACE2 and
MasR expressions in the kidney of spontaneously hyperten-
sive rats (39). Ex with treadmill for 8 wk restored the increased
ACE expression and the decreased ACE2 and MasR expres-
sions in the kidney of DS rats fed high salt (22). Ex with tread-
mill for 12 wk restored the increased AGT and ACE expression
in rats with 5/6 nephrectomy (21). These results suggest that Ex
can decrease the ACE expression and increase the ACE2 and
MasR expressions in hypertensive and CKD model rats.

In contrast to the effects of Ex on renal RAS components, the
ACE inhibitor, enalapril, and the AT1R blocker candesartan de-
creased the renal expression of all RAS components including
renin, ACE, ACE2, AT1R, AT2R, and MasR in HFr-fed DS
rats (18). A systematic review has also indicated that the treat-
ment with RAS inhibitors does not change ACE2 levels in dif-
ferent animal models (40). These results suggest that RAS
inhibitors suppress both the ACE–Ang II–AT1R axis and the
ACE2–Ang-(1–7)–MasR axis, and that Ex not only suppresses
the former axis but also activates the latter one. We previously
reported that Ex ameliorates ACE2 and MasR in chronic renal
failure rats with 5/6 nephrectomy and DS rats fed high salt
(21,22). In this regard, Magalhaes et al. (41) reported that acute
aerobic exercise increases plasma and urinary ACE2 as well as
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urinary levels of Ang-(1–7) in physically active young male
volunteers. Taken together, these results suggest that exercise
may ameliorate the renal RAS balance with a specific activation
of the renal ACE2–Ang-(1–7)–MasR axis.

This study had several limitations. First, we studied only male
DS rat because the female rats are protected against HFr-induced
hypertension or hyperinsulinemia (24). Future study should be
undertaken to explore the sex differences in impacts of HFr and
Ex. Second, 60% fructose diet does not translate into diets for
humans. We chose the 60% fructose diet, which is well estab-
lished to inducemetabolic syndrome and hypertension in rodents
by numerous previous studies (1,17,23,42), and long-term impacts
of fructose cannot be studied in rats unlike humans. Third, al-
though Ex for 12 wk was shown to have antihypertensive and re-
nal protective effects in the HFr-fed DS rats, it was not determined
whether the current exercise protocol recommends a proper exer-
cise frequency and intensity for antihypertensive and renal protec-
tive effects. In addition, plasma and intrarenal levels of Ang II or
Ang-(1–7) were not examined. It is also unclear whether the Ex
had a direct effect on renal RAS components. Lastly, to focus
on the Ex effects on salt-sensitive induced hypertension, we
did not include salt-resistant rat in this study. There is a need
to clarify the mechanism behind the Ex-induced changes of re-
nal RAS components in the future. There are several methods
of measurement that could be improved. HOMA-IR for mea-
suring insulin resistance is less precise. The telemetry would
be better than tail cuff when measuring SBP; however, there
is a possibility that the catheters in the femoral artery affect
treadmill performance.

CONCLUSIONS

In conclusion, this study indicates that Ex strongly attenuated
the HFr-induced hypertension and renal damage in DS rats. The
renal protective and antihypertensive effects of Ex may be me-
diated by ameliorating the imbalance of renal RAS compo-
nents. These results suggest that Ex may be highly efficacious
against HFr-induced hypertension and renal damage in patients
with salt sensitivity.
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